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CHAPTER I. 



THE DBSIGN OF BBABINaS. 

The design ot Journals, plnn, and bearings ot all kinds is one of the 
most Important prabteme connected y/ith machine construction. It is 
a subject upon whlcb we have a large amonnt of data, but, unfor- 
tunately, tbey are very conSictlng. The results obtained from the rules 
given by different meebanlcal writers will be found to differ by 60 
per cent or more. Many of our beat modern engines have been designed 
In defiance of the generally accepted rules on this subject, and many 
other engines, when provided with what were thought to be very liberal 
bearing surface, have proved unsatisfactory. This confusion han 
largely been the result of a misconception of the actual running coa- 
dltlons of a bearing. 

Prlotlon of Journals. 

A Journal should be designed of such a size and form that It will run 
cool, and with practically no wear. The question both of beating and 
wear Is one ot friction, and In order for us to understand tiie princi- 
ples upon which the design ot hearings should he baaed, we must first 
understand the underlying principles of friction, Frlctitm is defined 
as that force acting between two bodies at their surface ot contact, 
when tbey are pressed together, which tends to prevent their sliding 
one npou the other. The energy used In overcoming this force ot 
friction, appears at the rubbing surfaces as heat, and Is ordinarily 
dissipated by conduction through the two bodies. The force ot friction, 
and hence the amount ot heat generated under any given circumstances, 
can be greatly reduced by the Introduction ot an oily or greasy sub- 
stance between the rubbing surfaces. The oil or grease seems to act 
In the same way that a great number of minute balls would, reducing 
the friction and wear, and thus preventing the overheating and conse- 
quent destruction ot the parts. On this account, bearings ot all kinds 
are always lubricated. Thus the question ot Journal friction Involves 
the further question ot lubrication. 

For the purpose ot understanding as far as possible what goes on 
In a bearing, and the amount- and nature of the forces acting under 
different conditions, several machines have been designed to Investi- 
gate the matter. In general they are so arranged that a Journal may 
be rotated at any desired speed, with a known load upon the troxes. 
Suitable means are provided for measuring the force of friction, and 
also the temperature ot the bearing. Provided with such an appa- 
ratus, we find that the laws ot friction ot lubricated Journals differ 
very materially from those commonly stated in the textbooks as the 
laws of friction. A comparison of the two will prove Interesting. 
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Frlotiotutl BeBlstonoa In Lubricated asd CnlubrioaMd B«arlngB. 

It la generally stated In the textbooks that the force of friction Is 
proportional to the force with which tlie rubbing surfaces are pressed 
together, doubling, or trebling, as the case may be, with the normal 
preasare. This law la perfectly true for all cases of unlubrlcated 
bearings,- or for bearings lubricated with aolld substances, such as 
graphite, soapstone, tallow, etc. When, however, the bearing is prop- 
erly lubricated with any fluid, it is found that doubling the pressure 
does not by any means double the friction, and when the lubricant 
la supplied in large quauUtles by means of an oil bath or a force 
pump, the friction will scarcely increase at all, even when the pressure 
la greatly Increased. From the experiments of Prof. Thurston, and 
also of Mr. Tower, It appeara that the friction of a Joumal per square 
Incb of bearing surface, for any given speed, Is equal to 

f = kpn (1) 

where f is the force of Irlctton acting on every square Inch of bearing 
surface, p Is the normal pressure in pounds per square inch on that 
surface, and ft la a constant. The exponent n .depends on the manner 
of oiling, and varies from 1 In the case of dry surfaces, to O.BO In the 
case of drop-feed lubrication. 0.40 or thereabouts in the case of ring- 
and chaln-oIlers and pad lubrication, and becomes zero in case the oil 
Is forced into the bearing under sufficient pressure to float the shaft. 

The second law of friction, as generally stated, is that the force of 
friction 1b Independent of the velocity of rubbing. This law also Is 
true for unlubrlcated surfaces, and for surfaces lubricated by soUdfl. 
In the case of bearings lubricated by oil we find that the friction 
Increases with the speed of rubbing, but not at the same rate. If ve 
express the law as an equation, we have 

f = kvm, (2) 

where t Is Ibe force of friction at the rubbing surfaces in pounds per 
square Inch, ft is a constant, v is the velocity of rubbing In feet per 
second, and the exponent m varies from zero In the case of dry surfaces 
to 0.20 In tlie case of drop feed, and O.&O In the case of an oil bath. 

The third law of frlctioo. as It generally appears in the textbooks. 
Is that the friction depends, among other things, on the composition of 
the surfaces rubbed together. This, again, while true for unlnbricated 
surfaces. Is not true tor other conditions. It matters nothing whether 
the surfaces be ateel, brass, babbitt, or cast iron, so long as they are 
perfectly smooth and true, they will have the same friction when 
thoroughly lubricated. The friction will depend upon the oil used, not 
on the materials of journal or boxes, when the other conditions of 
speed and pressure remain constant Many people think that babbitt 
has a less friction than Iron or brass, under the same circumstances, 
bub this Is not true. The reason for the great success of babbitt as an 
"antifriction" metal depends upon an entirely different property, as 
will appear later. 

Combining into one equaUon the different laws of the trtcUon of 
lubricated surfaces, as we actually find ttaem to be, m hare 
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where f is the force of friction at the rubbing surface in pounds per 
square inch, fc is a constant which varies with the excellence of the 
lubricant from 0.02 to 0.04. and the other quantities are as before. 
From this expression, we see that the friction Increases with the load 
on the bearing, and also with the Telocity of rubbing, although much 
more slowly than either. 

Oenerfttloii of Heat In Bearlnsa. 

The quantity of beat generated per square Inch of bearing area, 
per second, Is equal to the force of friction, times the velocity of rub- 
bing. All Of this beat must be conducted away through the boxes as 
fast as It Is generated. In order that the hearing shall not attain a 
temperature high enough to destroy the lubricating qualities of the oil. 
The hotter the boxes become, the more heat they will radiate in a 
given time. When the bearing Is running under ordinary working 
conditions. It will wsrm up until the heat radiated equals the heat 
generated, end the temperature so attained will remain constant as 
long as the conditions of lubrication, load, and speed do not change. 
This rise In temperature above that of the surrounding air, varies from 
less than 10 to nearly 100 degrees fUirenhelt, and Is commonly about 
30 degrees. We must keep either the force of friction or the velocity 
of rubbing, or both, down to that point where the temperature shall not 
attain dangerous values. As has been shown In the preceding para- 
graph. It was formerly believed that the force of friction was equal 
to a constant times the bearing pressure, and therefore, that the work 
of friction was equal to this constant times the pressure, times the 
velocity of rubbing. Now, since it Is the work of friction that we are 
obliged to limit to & certain definite value per square Inch of bearing 
area. It was concluded that a bearing would not reach a dangerous 
temperature If the product of the bearing pressure per square Inch and 
the velocity of rubbing did not exceed a certain value. Accordingly, 
we find Prof. Thurston's formula for bearings to be 

pv = C, (4) 

where p Is the bearing pressure in pounds per square Inch, ti Is the 
velocity ol rubbing In feetl per second, and C has values varying from 
800 foot-pounds per second in the case ot iron shafts to 2,600 In the 
case of steel crankplns. This has long been the standard formula for 
designing bearings, and while It la not satisfactory In extreme cases. 
It la very satisfactory for bearings running at ordinary speeds. 

Turning our attention again to the results obtained from the ma- 
chines for testing bearings, we find that while the results are very 
even and regular for ordinary pressures and temperatures, when we 
begin to Increase either of these to a high point, the friction and wear 
of our bearing suddenly Increases enormously. The reason Is that the 
oil has been squeezed out of the hearing by the great pressure. This 
squeezing out of the oil, and consequent great Increase In the friction, 
has three effects. The absence of the lubricant causes the parts to 
scratch or score each other, thus rapidly destroying themselves, the 
great Increase In friction results In a sudden very high temperature, 
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in itself destructive to the materials of the bearlns, and the heating 
Is genertily so rapid as. to cause the pin and tJie Interior parts of the 
box to expand more rapidly than the exterior parts, thus causing the 
iKix to grip the pin witti enormous pressure. When the oil has been 
squeezed out In this manner, the bearing Is said to selee. 
MstertalB for Bearlng-a. 

It Is evidently of advantage to make the bearing of auch material 
that the injury resulting from seizing shall be a minimum. If the 
shaft and box are of nearly equal hardness, each wilt tend to scratch 
the otter when seizing occurs, and the scoring Is rapid and destructive. 
This action will be especially noticed In case the shaft has bard spots 
in it, while the rest Is comparatively soft, as is the case In the poorer 
grades of wrought iron. If. however, the shaft is made of a hard 
and homogeneous material, like the better grades of medium steel, and 
the bearing Is made of some soft material, like babbitt, the bearing 
will not roughen the Journal, and so the Journal cannot cut the bearing. 
This is the first reason wby babbitt bearings are so successful. 

A second reason tor the success of babbitt beating Ilea In the fact 
that the; cannot be heated sufficleotly to mfibe the bearing grip the 
Journal. They will rather soften and flow under the pressure without 
actually melting away, Just as Iron and steel soften at a welding beat. 
The harder bearing metals, such as brass and bronze, do not have these 
advantages, and have been almost entirely replaced by babbitt In bear- 
ings for heavy duty, especially when thorough lubrication is difficult. 

Babbitt is a eucccGaful bearing metal for still a third reason. The 
iinlt pressure on any bearing la not the same at all points. The shaft 
Is invariably made somewhat smaller In diameter than the box. If 
there Is a high spot on the surface of the box, that apot will have a 
very large proportion of the total pressure acting on It, and as a result 
the film of lubricant will be broken down at that point, and local 
heating and consequent damage result. In the case of babbitt bearing, 
before the damage can become serious the metal is caused to flow 
away from that point under the combined influence of the heat and 
pressure, the ol] film is again eatabllahed, and normal conditions 
restored. 

Influence of Quality «f Oil. 

The unit pressure which any bearing will stand without seizing 
depends upon its temperature and the kind of oils used. The lower 
the temperature of the bearings, the greater the allowable unit press- 
ure. The reason for this Is that oils become thinner and more free- 
flowing at the higher temperatures, consequently they are more easily 
squeezed out of the bearing, and it is more likely to seize. On this 
account, the higher the velocity of rubbing, the less the unit pressure 
that can be carried, but It does not follow that the allowable unit 
pressure varies Inversely as the speed of rubbing, as was formerly 
thought. 

The thicker and less free-flowing an oil la, the greater the unit 
preaeure It will stand in a bearing without squeezing out A wftei 
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oil. or a Tery light spindle oil, will only run under a very small unit 
pressure; sometimes they are saueezed out of the bearing when the 
pressure does not exceed 50 pounds per square inch. On the other hand, 
a cylinder olt of good body will stand a pressure of over 2,000 pounds 
to the square Inch In the same bearing. There Is a certain quality of 
oil which Is beet adapted to STSry bearing, and If possible it should be 
the one ueed. 

A third cause Influencing the pressure which may be carried Is 
adhesiveness betweeo the oil and th« rubbing surfaces. Sone ^Is are 
more certain to wet metal surfaces than are others, and in the eame 
way, some metals are more readily wet by oil than are others. It is 
evident that when the surfaces repel, rather than attract, the oil. the 
film will be readily broken down, and when the opposite is the case 
the film Is easily preserved. 

Oil Grooving'. 

The mechanical arrangement of the box and Journal may tend either 
to preserve or destroy the lubricating film. Both should be perfectly 
round and smooth, the box a trifle larger In diameter than the Journal. 
The allowance commonly made for the "running fit" of the box and 
shaft Is about 0.0005 (D + 1) Inches, where D Is the nominal diameter 
of the shaft in Inches. Some manufacturers of fast running machinery 
make the diameter of the box exceed that of the shaft by nearly twice 
this amount. The oil should be introduced at that point where the 
forces acting tend to separate the shaft and box. At this point grooves 
must be cut In the surface of the box, so as to distribute the lubricant 
evenly over the entire length of the Journal. Having been so intro- 
duced and distributed, the oil will adhere to the Journal, and be carried 
around by it as It revolves to the point where it is pressed against the 
box with the greatest force, thus forming the lubricating film which 
separates the rubbing surfaces. The supply of lubricant thus continu- 
ally furnished, and swept up to the spot where It Is needed, must not 
be diverted from its course in any way. A sharp edge at the division 
point of the box will wipe It off the Journal as fast as It is distributed, 
or a wrongly placed oil groove will drain it out before It has entirely 
accomplished its purpose. 

An Important matter In the dcElgn of bearings is the cutting of these 
oil grooves. They are a necessary evil, and should be treated as such, 
by using as few of them as possible. They serve, first, to distribute 
the lubricant uniformly over the surface of the Journal, and second, 
to collect the oil which would otherwise run out at the ends of the 
bearing, and return It to some point where it may again be of use. As 
generally cut. oil grooves have two faults; first, they are bo numerous 
as to cut down to a serious extent the area of the bearing, and second, 
they are so located as to allow the oil to drain out of the bearing. 
L,et us take an ordinary two-part cap bearing such as the outboard 
bearing of a Corliss engine, and see how It is best to cut the grooves. 

One of these bearings, as commonly made by good builders. Is shown 
In Fig. 1. The oil Is supplied, drop by drop, through a hole In the 
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cap. If there were no oil groovea, only a narrow band of the shaft 
revolving Immediately under this hole would be reached by the oil. 
If, now, we cut a ehallow groove In the cap, lensthwise of the bearing, 
and reaching almost, but not quite, to the edges, the oil will be enabled 
to reach every part of the revolving surface. To this groove we some- 
times add two, as shown by the dotted lines In Fig. 2, which show the 
loner surface of the cap as being unrolled, and lying flat on the paper. 
No Berles of grooves can be cut in the box which will distribute the 
oil aa well or as thoroughly as those shown, and they should alway 
he used In the caps of such bearings In preference to any others. 

Having distributed the oil over the revolving surface, our neit care 
must be to see that it is not wiped olt before It reaches the point for 
which it was Intended. Accordingly, we should counterbore the box 
at the Joint In such a way as to make a recess In which the surplus oil 
may gather, and which will further assist when necessary In distribut- 
ing the lubricant. This counterbore should extend to within U or ^ 
Inch of the ends of the hearing, as shown in Fig. 1. 

When the oil Is supplied through the cap, grooves for the distribu- 






tlon of the oil should not be cut In the bottom half of the bearing, 
alnce they will only serve to drain the bearing of the film of oil formed 
there. The oil film la under great pressure at thia point, and naturally 
tends to flow away when any opportunity U offered. If left to Its own 
devices, part of It will squeeze out at the enda of the bearing and be 
lost. In order to aave this oil, shallow grooves, parallel to the ends 
of the hearing may be cut In the lower box, as shown In Figs. 1 and 3. 
Their office Is to Intercept the oil which would flow out at the ends, 
and divert It to the counterbored recesses, where It can again be made 
of use. These are the only grooves that should ever be used in the 
lower half of a two-part bearing, and they should only be used In the 
larger Btpes. 

Two classes of hearings which may well be made without oil grooves 
are, first, the cross-head slippers of engines, and second, crank-pin 
boxes. The croaa-head slipper should have a recess cut at each end, In 
the same way as the counterbortng of the two-part box, as abown In 
Fig. 4. To this Is sometimes added the semi-circular groove shown la 
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dotted lines, which does no harm, although It is unnecessary. The best 
way to oil a crank-pin is through the pin itBelf. In the case of overhung 
pins, a. hole is drilled lengthwise of the ptn to Its center. A second hole 
Is drilled from the surface of the pin to meet the first one. A shallow 
groove should now be cut In the surface of the pin, parallel to Its axis, 
and reaching almost to the ends of the bearing, as shown ia Fig. 6. 
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No grooves should be cut In the hoses, but the edges where they come 
together should be connterbored. 

As much care and attention should be given to the oil grooving as 
to the size of a bearing, yet It is a matter often left to the fancy of 
the mechanic who flta It. The purpose of the grooves, to distribute the 
oU evenly, should ever be kept in mind, and no groove should be cut 
which does not accomplish this purpose, except it be to return waste 



oil to a place where It may again be of use. Most commonly, bearings 
, tiave too many grooves. So far from helping the luhrlcants, they 
generally drain the oil from where It is most nee(iad_ Use them 
iparingly. 

Coloulatlnr the Dimensions. 
The durability of the lubricating film ia affected in great measure 
by the character of the load that the bearing carries. When the load 
Is unvarying In amount and direction, as In the case of a shaft carry- 
ing a heavy fly-wheel, the film Is easily ruptured. In those cases 
where the pressure is variable In amount and direction, as In railway 
Journals and ctank-pins. the film Is much more durable. When the 
loumal only rotates through a small arc, as with the wrist-pin of a 

I .,1 .1 Google 
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steam engine, the circumstances are most favorable. It lias been 
found that when all other circumstances are exactly similar, a car 
Journal, vhere the force varies continually In amount and direction, 
will stand about twice the unit pressure that a fly-wheel Journal will, 
where the load Is steady in amount and direction. A crank-pin, since 
the load complete!}' reverses every revolution, will stand three times, 
and 's wrist-pin, where the load only reverses, but does not make a 
complete revolution, will stand four times the unit pressure that the 
fly-wheel Journal will. 

The amount of pressure that commercial oils will endure at low 
speeds without breaking down varies from 500 to 1,000 pounds per 
square Inch, where the load Is steady. It Is not safe, however, to 
load a bearing to this extent, since it is only under favorable circum- 
stances that the flim will stand this pressure without rupturing. On 
this account, journal bearings should not be required to stand more 
than two-thirds ot this pressure at alow speeds, and the pressure 
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Bhould be reduced when the speed Increases. The approximate unit 
pressure which a bearing will endure without seizing, Is as follows: 



PK 



(6) 



DN-i-K 

where p Is the allowable pressure In pounds per square Inch of pro- 
jected area, D Is the diameter ot the bearing In Inches, N Is the num- 
ber of revolutions of the journal per minute, and P and K depend 
upon the kind of oil, manner of lubrication, etc. 

The quantity P Is the maximum sate unit pressure for the given 
circumstances, at a very slow speed. In ordinary cases the value ot 
this number will be 200 for collar thrust bearings, 400 for ahatt bear- 
ings, SOO for car Journals, 1.200 for cranh-plns, and 1,600 for wrlat-pins. 
In exceptional circumstances, these values may be Increased by as 
much as 50 per cent, but only when the workmanship la of the beat, 
the care the most skillful, the bearing readily accessible, and the oil 
ot the beat quality, and unusually viscous. It Is only In the case ot 
very large machinery, which will have the most expert supervistcHi, 
that such values can be safely adopted. In the case ot the great units 
built for the Subway power plant in New York by the AJtls-Chalmers 
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Co. the value of P In the formula given above for the crank-pins was 
2,000 — as high a value as It Is ever sate to use. 

The factor K depends upon the method of oiling, tlie rapidity of 
cooling, and the care which the journal le likely to get. It will be 
found to have about the following values: Ordinary work, drop-feed 
lubrication, TOO; flrst-class care, drop-feed lubrication, 1,000; force- 
feed lubrication or ring-olling, 1,200 to 1,500; extreme limit for perfect 
lubrication and air-cooled bearloga, 2,000. The value 2.000 Is seldom 
used, except in locomotive work where the rapid circulation of the 
air cools the Journals. Higher values than this may only be uBed in 
the case of water-cooieu bearings. 

The above formula Is in convepient form for calculating journals. 
In case the bearing Is some form of a sliding shoe, the quantity 240 V 
should be subatltuted for the quantity D N In the equation, V being 
tbe velocity of rubbing in feet per second. There are a (ew cases 
where a unit pressure sufficient to break down the oil film Is allow- 
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able. Such casee are the pins of punching and shearing machines, 
pivots of swing bridges, and so on. The motion is so slow that heat- 
ing cannot well result, and the effecte of scoring cannot be serious. 
Sometimes bearing pressures up to the safe working stress of the 
material are used, but better practice Is to use pressures not In excess 
of 4,000 pounds per square Inch. 

In general, the diameter of a shaft or pin Is fixed from considera- 
tions of strength or stirrneBS. Having obtained the proper diameter, 
we must next make the bearing long eough so that the unit pressure 
shall not exceed the required value. This length may be found 
directly by means of the equation: 
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where L la the length ot the bearing In Inchee, W the load upon It In 
pounds, and P, E, N, and D are fla before. 

A bearing may give poor eatlafactlon because It Is too long, aa well 
as because It la too short. Alnutst every bearing Is In the condition 
of a loaded beam, and therefore It has some deflectloa. Let ua take 
the case of an overhung crank-pin, in order to examine the phenomena 
occurring In a hearing under these circumatances. When the engine 
ia first run, both the pin and box are, or should be. truly round and 
cjlindrlcal. As the pin deflecta under the action of the load, the 
pressure becomes greater on the aide toward the crank throw, break- 
ing down the oil film at that point, and cauaing heat. After a while 
the box becomes worn to a slightly larger diameter at the side toward 
the crank, in the manner shown in Pig. 6, which Is a section showing 
an exaggerated view ot the condition of aO^ra in the crank-pin box 
when under load. 

It has already been noted that the box must be a trifle larger In 
diameter than the Journal, and for successful working this dlBerence 
Is very strictly defined, and can vary only within narrow Umlts. 
Should the pin be too large, the oil film will be too thin, and easily 
ruptured. On the other hand, should the pin be too amall the bearing 
aurface becomes concentrated at a line, and the greater unit pressure 
at that point ruptures the film. This is exactly what happens when 
the pin is too long. The box rapidly wears large at the inner end, 
and the pressure becomes concentrated along a line as a consequence. 
The lubricating film then breahs down, and the pin heats and scores. 
Hie remedy la not to make the pin longer, so aa to reduce the unit 
preeeure, but to decrease Its length and to increase its diameter, caus- 
ing the pressure to be evenly distributed over the entire bearing 
surface. 

The same principles apply to the deaign of shafta and center crank- 
pins. They must not be made so long that they will allow the load 
to concentrate at any point. A very good rule for the length of a 
Journal is to make the ratio of the length to the diameter about equal 
to one-eighth of the square root of the number of revolutions per 
minute. This quantity may be diminished by from 10 to 20 per cent 
in the case of crank-plna, and Increased la the same proportion in the 
case of shaft bearings, but It la not wise to depart too far from It. 
In the case of an engine making 100 revolutions per minute, the bear- 
ings would be by tbts rule from one and a quarter to one and a half 
diameters In length. In the case Cf a motor running at 1,000 revo- 
lutions per minute, the bearings would be about four diameters long. 
While the above Is not a hard and fast rule which must be adhered 
to <m all occasions, it will be found to be an excellent guide la all 
cases of doubt. ' 

The diameter of a shaft or pin must be auch that it will be strong 
and stiD enough to do Its work properly. Ia order to deslgo it for 
strength and stiffness, it is first necesaary to know its length, llila 
may be assumed from the following equatioa: ^ , 
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L= . (7) 

PK 
where all the quaatitles are the same as In the preceding equations. 
Having found the approximate length by the use of the ahove equa- 
tion, the diameter of tbe shaft or pin may b« found by any of the 
standard equations given tn the different works on machine design. 
It Is next In order to recompute the length from formula No. 6. taking 
this new value If It does not differ materially from the one first 
assumed. If it does, and especially If It is greater than the assumed 
length, take the mean value of the assumed and computed lengths, 
and try again. 

Bxamplea of Calculating Dlmenalons for Bearing. 

A few examples will serve to make plain the methods of designing 
bearings by means of these principles. Let ub take as the first case 
the collar thrust bearings on a lO-lnch propeller shaft, running at 150 
revolutlODS per minute, and with a thrust of 60.000 pounds. Assutnlng 
that the thrust rings will be 2 Inches wide, their mean diameter will be 
12 inches. Prom equation No. 5 we will have for the allowable bearing 
200 X 700 

pressure . or 56 pounds per square Inch. This will 

12 X 150 + too 
require a bearing of CO.OOO -i- 56, or 1,070 square Inches area. Since 
each ring has an area of 0.7854 (14'— .lO"), or about 76 square inches, 
the number of rings needed will be 1,070 -;- 75, or 14, In case It was 
desirable to keep down the size of this bearing, the constant K might 
have had values as high as 1,000 inetead of TOO. 

Next, we will take the main bearing of a horizontal engine. We 
will assume that the diameter of the shaft Is 15 Inches, that the weight 
of the shaft, fiy-wheel, crank-pin, one-half the connecting-rod, and any 
other moving parts that may be supported by the bearings. Is 120.000 
pounds, and that two-thirds of this weight comes on the main bearing, 
tbe remainder coming on the outboard bearing. The engine runs at 
100 revolutions per minute. In this case, W=; 80,000 pounds, P = 400 
pounds per square Inch, and K depends on the care and method of 
lubrication. Assuming that tlie bearing will be Bushed with oil by 
some gravity system, and that, since the engine Is large, the care will 
be excellent, we will take £^1,500. This gives ns for the length of 
the bearing from formula No. 6: 

80,000 1.500 

L = (100 H )=26"^ inches (about). 

400 X 1,500 15 

It Is to be noted that, in computing the length of this bearing, the 
pressure of the steam on the piston does not enter In, since It is not 
a steady pressure, like the weight of tbe moving parts. Tbe only 
matter to be noted in connection with tbe steam load is that the pro- 
jected area of the main bearing of an engine shall be In excess of 
the projected area of the crank-pin. 

For another example we will take the case of the bearings of a 
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100,000-pounil hopper car, welshing 40.000 pounds, and with eight 33- 
inch wheels. The JournEtls are 6^ laches diameter, and the car is to 
run at 30 miles per hour. The wheels will make 307 revointions per 
minute when running at this speed, and tl^e load on each Journal will 
be 140,000 -^ 8. or 17,500 pounds. Although the Journal will be well 
lubricated by means of aa ell pad, It will receive but Indifferent care, 
so the value of K will be taken as 1,200. The length of the Jonmal 
will then be 

17,500 1,200 

L = (307 H ■) — 9% Inches (about). 

800 X 1,200 5.e 

Aa a last example, we will take the case of tbe crankpin of aa 
engine with a 20-lnch steam cylinder, running at SO rerolutions per 
minute, and having a maximum unbalanced steam pressure of 100 
pounds per square Inch. The maximum, and not the mean steam press- 
ure should be taken In the case of crank' and wrlat-plns. The total 
steam load on the piston Is 31,400 pounds, p will be taken as 1,200, 
and K as 1,000. We will therefore obtain for our trial length: 
20 X 31,400 X V 80 

Z( = — • ^4.7, or, say, 4% Inches. 

1,200 X 1,000 
In order that the deflection of the pin shall not be sufficient to de- 
stroy the lubricating film we have 

Z) = 0,09\/^£'' 
which limits tiie deflection to 0.003 Inch. Substituting In this equa- 
tion, we have for the diameter 3.8S or say 3% inches. With this diam- 
eter we will pbtala the length of the bearing, by using formula No. 
6, and find 

31,400 1,000 

L= (80 -1 ') =8.85, say 9 Inches. 

1,300 X 1,000 3% 

The mean of this value, and the one obtained before la about 7 
inches. Substituting this In the equation for the diameter, we get 
514 inches. Substituting this new diameter In equation No. 6 we have 
31,400 1,000 

L= (80 H )==7.1, Boy 7 Inches. 

1,200 X 1,000 6^4 

Probably most good designers would prefer to take about half an 
Inch off the length of this pin, and add it to the diameter, making 
It 5% X 6% Inches, and this will be found to bring the ratio of the 
lenglli to the diameter nearer to one-eighth of the square root of the 
number of . revel utions. 
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OAUSBS OF HOT BBAKINaa. 

In our modern hlgli speed steam and gas englneB, turbines and the 
like, hot betnlngs are of more frequent occurrence than Is generally 
supposed. Very often a new plant, Just put Into service, has to be shut 
down on this account. It not Infrequently happens that the engine 
which has run "hot" Is one of several. Identical in design and cou- 
sb'uctlon, the bearings In the others having operated without trouble. 
Apparently there Is no cause for this particular engine to slVe trouble, 
but in order to remove the difficulty, various makes of babbitt metals 
and bronzes are tried, Hometimes with good results, sometimes without. 
Again, it occurs that a machine or engine operates at the beginning 
with perfect satisfaction, but after a time one or more of the bearings 
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begin to run "warm," and Anally "hot," so that rellning becomes neces- 
sary. As a general rule It Is then simply accepted as a tact that the 
bearlnge "ran, hot"; seldom does any one think It worth while to seek 
out the fundamental causes for the trouble. That there Is always the 
element of doubt. In regard to bearings, Is evidenced by the fact that 
our modern engine builders usually deliver an extra set of bearings 
with the engine, so that, in the event of trouble, a new set is at hand. 
The following may be of some assistance towards discovering and 
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ellmloatlDg, In a ecleatiflc manner, anct along teclinlca] and metal- 
lurgical Hues, the real causes of bot bearings. 

Investigation will sbow that the main reasons for bot bearings are: 

1. — Shrinkage or contraction of the babbitt. 

2. — Shrinkage strains set np In the babbitt metal liner by the un- 
equal distribution of the babbitt metal over the shell. 

3. — A lack of contact between the babbitt metal liner and the cast 
Iron or east rteel shell. 

4. — The lubricant becomes partially deflected Into the wrong place. 
Shrlnkace or OontraoUou of the Babbitt. 

a. Bhrinkage in a aiametral direction. As an illustration of this 
point, one may take the simple example of an iron ball and ring. If 
this ball, when cold, will Just pass throngh an Iron ring, it will not 




do 80 when somewhat heated and expanded. After cooling down, bow- 
ever. It will again pass through the ring. A similar action takes place 
In a bearing. 

In Fig. 7, of the accompaaylng Iltuatratlona, the babbitt liner may 
be considered to have been Just poured la, and the metal to be still 
liquid. At the esact solidifying point the babbitt will have fllled all 
the tntersticee and be in good contact with the cast Iron or cast steel 
shell, provided the babbitt Itself baa sufficient fluidity to enable It to 
penetrate the smallest spaces. Prom this solidifying point on, the 
babbitt win contract according to its coefficient of contraction. Now, 
if the coefficient of contraction of the babbitt were the same as that of 
the material out of which the shell Is made (usually cast Iron or cast 
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Bteel), and provided that the shell had acquired the same temperature 
aa the babbitt, the shell and the babbitt liner would then contract 
equally, and a f&irl; good contact would result, and there would be 
nothing to est up counter strains during shrinkage. But, as the co- 
efficient of contraction ol almost all babbitt metals Is approximately 
two or three times higher than that of cast iron or cast steel, a sbrink- 




Bge or loosening of the babbitt liner from the shell must absolutely 
take place after the solidifying point of the babbitt Is reached. Fig. 8 
shows this contraction as It would appear If magnified. The fact that 
most bearings are "split" does not, of course, change this result If 
the babbitt Is secured In the shell by means of dove-tailed grooves, or 
other anchoring devices, bo that the actual visible contraction from the 
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shell Is lessened or minimized, then an unavoidable consequence of 
these groovee or other devices la shrinkage atraing, set up while the 
babbitt cools down, aa explained further on. 

6. ShrinJeage In on axial direction. With regard to shrinkage In the 
axial direction. It may be observed that the same results take place. 
Fig. 9 lIluBtrates how the babbitt metal shrinks In a cast iron or cast 
steel ahell Iq the axfal direction, when there Is no anchoring device 



employed. In Fig. 10 may be Been the old-tutiioned dove-tailed gMOve 
construe tlon, prohibiting an actual vl Bible ehrlnbage, but causing 
shrinkage strains. 



Bf referring to Fig. 11, It will be observed that the babbitt metal at 
aa Is about twice as thick as at bb. The consequence is that, as the 
soUdifi'lng time of the greater mass aa is longer than that of the 
smaUer ibmb bt>, ahrinkace strains are set up throughout the babbitt 
liner, which looeen It from the shell and have the tendency. In com- 
bination with the regular working pressures and shocks, to produce 
minute cracks in the liner. 

Lack of Oont&ct between Iilner and Shell. 

In a bearing sbell, some parts of the liner are in close contact with 
the shell, as a result of careful pouring and the use of a properly made 
babbitt metal, while other parts of the liner will not be In good con- 
tact with the shell, by reason of shrinkage and the formation of air 



bubbles and oxide gases, wbich latter are eepeciBlly liable to be formed 
in babbitts containing copper. With the Idea of fllllng up the hollow 
spaces between liner and shell. It is a quite general American practice, 
and an English one aleo, to peen or hammer the babbitt liner. The 
advisability of this treatment Is, however, very questionable. By the 
peening process the air will simply be driven from one point to an- 
other, and be forced into places where at first a good contact existed, 
thus destroying It. To secure a permanent and intimate contact be- 
tween liner and shell by peening Is Impossible, on account of the elas- 
ticity of the liner material, when the hammer strikes the metal, a 
contact may be formed, but as soon as the force of the blow la gone, 
the metal will spring away more or less by reason of Its elasticity. 
Furthermore, the babbitt metal becomes more brittle by peening, and 
ita strength dimfntebed; this has been proved beyond doubt by a 
number of tests. Peening, unless performed with the utmost pre- 
caution, also produces minute cracks in the structure of the babbitt, 
which win constantly be enlarged by the regular working pressures. 
For these reasons, European continental practice baa now practically 
abandoned the peening of babbitt metal Unere. Summing up. In spite of 
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good pouring, or peenlng. or doTe-taHed grooves and otfaer similar 
anchoring devices, the liners are in a greater or leea degree loose ta 
the BhellB. 

* The Lubricant Penetratins the Hollow Spaces. 
When these loose bearings are in serrtce, the hollow spaces between 
the liner and shell gradually become Impregnated with an oil fllm, 
from the lubricant employed, as shown in Fig. 12. Now, the coeflt- 
clent of heat-conductlvlty of oil is only about l/200th o( that or an 
ordinary babbitt metal, or of cast Iron, Therefore, the heat created 
in the liner by the working friction will not be conducted away to the 
shell, and thence to the engine frame, as quickly aa though an inti- 
mate contact existed between shell and liner. The result is that the 




bearing readily becomes hot, because the babbitt metal liner retains, 
instead of throwim oft, the heat. The regular working pressure also 
seiB up an hydraulic pressure in the oil fllm, between the shell and 
the liner, which tends to produce breakages and cracks in the liner, as 
may sometimes be oteerved when removing bearings from gas en- 
gines, pumping engines and the like, subject to high pressures and 
shocks. A consequence of shocks le also that a liner which is some- 
what loose will become distorted and "work"; this "working" pro- 
duces additional friction and increased temperatures. All the facte 
mentioned above tend toward the one result, viz., the Increasing of 
the temperature In the bearings, even to the extent of melting down 
the babbitt liner. 
From various tests which have been made, the results of one may be 
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given ben. A b«arlng with a perfect contact between liner and shell 
was tested under a constant load of *00 pounds per square inch and a 
constant sliding speed of 4S0 feet per minute. The same bearing was 
again tested under the same conditions, but with the liner not in inti- 
mate contact with the shell. As the tests were necessarily made under 
a slightly Tarying atmospheric temperature, the difference between the 
actual bearing temperature and the room temperature was taken as 
the basis of each, and In the former case, the result was 60 d^reea 
F., while In the latter 35 degrees F. When such differences are ob- 
tained In a. testing machine, under the best operating conditions, bow 
much worse must be the influence of the slightest lack ' of contact 
under usual working conditions, such as we have them In steam en- 
glnea, air compressors, pumps, gas engines, etc! 

Summing up the foregoing we may say that in most cases the direct 
causes of bot bearings are: A lack of contact between liner and shell, 
caused, first, by shrinkage and carelera treatment of the babbitt, and 
second, by shrinkage strains produced by an ud^bal distribution, of 
the liner masses over the shell; the formation of an isolating oil film, 
together with its consequences; cracks or breakages in the liner pro-' 
duced as explained. The means of avoiding these troubles, and the 
principles of a good and safe bearing construction, must consequently 
be an absolutely intimate and homogeneous contact between liner and 
sbell; an equal distribution of the liner over the shell; and a strength- 
ening of the liner against the shocks and working pressures. If 
these conditions are faithfully carried out, many troubles and much 
expense may be avoided. 
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AliLOYS FOB BEABINOS. 

In an Important article, In the Journal of the Franklin InititiUe 
for July, 1903, Mr. G. H. Clamer dlscusoed tbe adrantages and dlBad- 
vantagefi ot.TarlouB c-omposltlons and alloya for bearings, and eape- 
clally alloya for railway journal braBsee. He also quoted the results 
of many teats on various compositions made on an Olsen testing ma- 
chine desisned by ProE. Carpenter of Comrlt ITnlverslty. The present 
chapter Is devoted to an abstract ot Mr. Clamer's article, and contains 
all tho most Important features of his discussion on a subject on which 
not to much Is generally known as would be desirable. 

Upon close examination we find that there are but few metals avail- 
able for bearioga. They are copper, tin, lead, zinc and antimony. 
While other metals may be introduced in greater or less proportions, 
the five mentioned must conBtltute the basis for the so-called anti- 
friction alloys. The combinations of these metals now used may be 
grouped under the two heads of white metal and bronze. Bronze le 
the term which was originally applied to alloys of copper and tin as 
distinguished from alloys of copper and zinc; but gradually the term 
"bronze" has become applied to nearly alt eopper alloys containing not 
only tin, but lead, zinc, etc., and no sharp lines of demarcation exls^ 
between the two. 

Principal Bequlrementa of Bearing UetcOe. 
White metals are made up ot various combinations of lead, anti- 
mony, tin, copper and zinc, and may contain as few as two elements, 
or all five. Bronzes are made up 6t combinations of copper, tin, lead 
and zinc, all of tbem containing copper and one or more of the other 
elements. The essential characteristics to be considered In any alloy 
for bearings are composition, structure, friction, temperature of run- 
ning, wear on bearing, wear on Journal, compreeslve strength, and cost. 
It is utterly Impossible to have one alloy reach the pinnacle of per- 
fection In all the above requirements, and so It Is important to study 
the possible compositions and determine for what purpose each Is 
adapted. It has been shown that a bearing should be made up of at 
least two structural elements, ono hard constituent to support the load, 
and one soft constituent to act as a plastic support for the harder 
grains. Generally speaking, the harder the surfaces in contact, the 
lower the coefficient of friction and the higher the pressure under 
which "grlpment" takes place. It would seem for this reason that 
the harder the alloy the better; and It was with this idea in mind that 
the alloys of copper and tin were so eitenaively used in the early days 
of railroading. A hard, unyielding alloy tor successful operation must, 
bowever, be in perfect adjustment, a state of aOalrs unattainable in 
the operation of rolling stock. For this reason the lead-lined bearing 



was Introduced and the practice of lining bearloES hoa now become al- 
most unlvereEil Id this couatry. 

Gheneral Comparlaon Between Hkrd and Soft AIIojtb for Beonngs. 

While the harder the metala In contact the lees the friction, there 
will also be the greater liability of heating, because of the lack, of plas- 
ticity, or ability to mold Iteelf to conform to the shape of the Journal. 
A hard, unyielding metal will cause the concentration of the load upon 
a few high spots, and bo cauee aa abnormal pressure per square Inch 
on Buch areas, and produce rapid abrasion and beating. 

The bronzes will, generally speaking, operate with less heat than 
softer compositions, while the softer metals will wear longer than 
the harder metals. In the matter of wear of Journal, however, the 
soft metalB are more destruetlve. Partlciea of grit and Steel seem to 
become Imbedded in the softer metal, causing it to act upon the harder 
metal of the Journal like a lap. High-priced compositions are being 
used that have but little resistance, to wear compared with dieaper 
compositions, and low-priced alloys are In service that are not cheap 
at any price. It Is generally conceded that soft metal bearings cause a 
marked decrease in the life of the Journal, and yet tbsy have many 
marked advantages, as we shall presently see. 

Alloys Oontainlnir Antimony. 

I. Lcai and Antimony: These metala will alloy In any proportion. 
With Increase In antimony tbe alloy becomes harder and more brittle. 
It has t>een determined that when It Is made of 13 parts antimony 
and 87 parts lead, the composition will be of homogeneous structure. 
If there Is a greater proportion of antimony, free crystals of antimony 
appear. Imbedded In the composition; and If less than 13 per cent, 
there appear to be grains of the mixture itself Imbedded in the lead 
as the body substance. 

According to one writer, an antl-frlctional alloy should consist of 
hard grains, to carry the load, which are Imbedded In a matrix oC 
plastic material, to enable It to mold Itself to the Journal without undue 
heating. Such a condition would be met In a lead and antimony alloy 
having above 13 per cent antimony; but It Is not advisable to use in 
any case more than 25 per cent antimony, as the composition would be 
too brittle. The same writer claims that alloys having from IB to 25 
per cent antimony are the best adapted for bearings. 

Mr. Clamer, however, does not agree with this, and says that alloys 
containing below 13 per cent antimony can likewise be said to consist 
of hard grains consisting of the composition Itself, Imbedded In the 
softer material, lead, as mentioned above. He says: "It has been my 
experience that, although the friction may be higher In such alloys, 
the wear is greatly diminished, and where pressures ar« light, causing 
no deformation, this Is a great advantage. I have seen many instances 
In service where alloys between 15 per cent and 25 per cent were 
greatly Interior to alloys between 8 per cent and 12 per cent, owing to 
their frequent renewal due to wear. It will perhaps be interesting to-- ' ■ 
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bear that the pennsylTBDla Railroad Companj', at the BUggeBtlon of 
Dr. Dudley, their chemist, have adopted the 13 per cent antlmonial 
lead allor as a fllUns metal for bearings In order to obtain the best 
results. In a general way my own work In the Bubject has conBrmed 
the opinion that lead Is the best wear-resisting metal known, and 
that wltb Increasing antimony, or Increasing hardnees and brlttleneaa, 
the wear becomes more marked. This la due to the splitting up of 
the harder particles." 

The friction, as we may naturally expect, becomes less wltb Increase 
of antimony, and the temperatnre of running likewise diminished when 
running under normal conditions; but the harder the alloy, the more 
difficulty Is experienced In bringing It primarily to a perfect bearing, 
and the greater the liability of heating through aggravated condltloni. 
The wear on the journal one would naturally expect to be decreased 
with Increasing hardniess; but this journal wear Is In all probability not 
due so much to the alloy directly, as It Is to the fact that the softer 
metals collect grit, principally from the small particles of steel (rom 
the worn Journal, and, acting as a lap, cause rapid wear. With the 
harder metals these particles are worked out without becoming Im- 
bedded. 

The cost ot the lead and antimony alloy Is the least which can be 
produced. It can .be used In many serTlcee where higher-priced alloys 
are being relied upon mainly (or their, high cost. It Is one of the 
greatest extravagances of large Industrial establishments to use ma- 
terials that are too good (or certain uses, and even perhaps unsulted, 
under the supposition that they must be good because they paid a good 
price (or them. This fact has no greater exemplification than In the 
purchase o( babbitt metal, and Is due to the great uncertainty which 
exists, not only among coneumers, but among manufacturers, many of 
whom carry on their business much the same as the patent-medicine 

2. Lead, Antimony, and Tin: It should not be assumed that anti- 
mony-lead Is the cheapest alloy to use under all circumstances; Dot so, 
for when high pressures are to be enoountered, tin Is a very desirable 
adjunct. Tin Imparts to the lead-antimony alloy rigidity and hard- 
ness without Increasing brlttleness, and can produce alloys of BU(- 
Sclent compreaslve strength tor nearly all uses. The structure of a 
triple alloy of this nature Is quite complicated, and not yet sufOctently 
defined. 

The coat o( the alloy Increasea with Increase of tin; but for certain 
uses, where sufficient compreselve strength cannot be gotten by anti- 
mony, because of Its accompanying brUtleneea. It Is indispensable, and 
will answer In nearly every case where the tin basis babbitts are used. 

3. Tin and Antimony; These are seldom used alone as bearing al- 
loys, but are extensively used (or so-called Brlttanla ware, and In equal 
proportions for valve seats, etc 

4. Tin, Antimontf, and Copper: This combination Is what Is known 
SB genuine babbitt, after Its Inventor, Isaac Babbitt, who presumably 
was the first man to conceive the Idea o( lining bearings with fitfible 
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m«tal. The formula, which for no arbitTarr reason he recommended. 

Is aa tollows: 

Tin 89.1 

Antimony , T.i 

Copper 3.7 

This formula la still considered the staadard of excellence in the 
trade, and hae been adopted by many of the leading rallroade, the 
United Statea Qovernment, and many Industrial eBtabllshmenta. It 1b 
nsed in the majority of caaes where cheaper composition would do 
equally as* weli. It Is the most costly of all bearing alloys becaiue of 
the high content of tin. 

S. Tin-Antimonv-Lead-Copper: This quadruple combination of met- 
ais cannot be satlefactorily described, as it would no doubt take yeare 
of Btudy to fathom the complicity of the metallic comUnatloiiB here 
represented. Suffice it to aay that lead, although of itself a soft metal, 
renders this alloy, when added in but amall proportions, harder, stilter, 
more easily melted and superior in every way to the alloy without it, 
and yet consumers will raise their hands In horror when a trifling 
percentage of lead Is found Id their genuine babbitt This is one 
of the instances where cheapening of the product Is beneflclal. 

The foregoing represents the more Imitortant combinations of alloys 
of tin and lead basis. These are of tar more Importance In the arts 
than the white metals, the main portion or basis of which is zinc 

At various times new combinations of zinc have been proposed, but, 
with very few exceptions, they have not come Into popular use for 
two reasons: First, because of the great tendency of zinc to adhere to 
Iron when even slightly heated. What is technically known as gal- 
vanizing the Journal Is effected under these conditions. Second, he- 
cause of the brlttlenesB produced under the effects of heat, such as Is 
produced by friction when lubrication is interfered with, and conse- 
quent danger of breakage. 

Brooaaa. 

Bronze is the term which originally was applied to alloys of copper 
and tin as dlstinguiehed from alloys of copper and zinc. 

I. Copper and Tin: This, according to our general conception of the 
word. Is a bronze only when the copper content exceeds tliat of the 
tin. According to the proportions In which the metals exist, it has 
widely dllterent properties. In general, the alloy hardens when tin Is 
present up to proportions of 30 per cent, or a little over, and when this 
limit Is exceeded, it takes on more and more the nature of tin until 
pure tin Is reached. From a. sclentlflc point of view this alloy Is 
one of the most Interesting, and has attracted the attention of many 
Investigators, who have spent years of study on it, to learn Its various 
properties and explain Its constitution. 

The alloys .which Interest us most, however, are those which are so 
constituted as to be adapted for bearing purposes. These would be 
said to contain from 3 to 15 per cent tin. and from 85 to 97 per cent 
copper. The alloy of tin containing a small percentage of copper Is 
often used as a babbitt metal, but this comes under the class of while 
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metalB, which have already been discussed. Bronze containing at>ove 
16 per cent of tin has been recommendecl at various times for bearlDgs, 
owing to Ita hardness, but very unwisely, for such a bearing demands 
mechanical perfection and perfect lubrication. It has no plasticity of 
Its own, and as soon as the oil aim is interrupted, rapid abrasion and 
"gilpment" take place, with hot boxes as the result. The very erro- 
neous Idea 1b still held by many, that to resist wear and run with the 
least possible friction, a bearing alloy must be as hard as possible. It 
Is true that hard bodies In contact move with less friction than soft 
ones; but the alloy which IB the least liable to beat and cause trouble 
is the one which will etand the greatest amount of ill use; by this 
is meant an alloy which has BufBcient plasticity to adapt Itself to the 
Irregular! tiea of serylce wlttout undue wear. 

The alloys of copper and tin were used extensiyely some twenty or 
twenty-flve years ago, and were considered the standard for railroad 
and machinery bearings. The old alloy, known as "Cannon Bronze," 
containing 7 parts copper and 1 part tin, ts still being speclfled by some 
few un progressive railroad men and machinery builders. - 



Copper and Tin, and Copper, Tin, and Lead Series. 



Sopper. 


Tin. 


Lead. 


Priotioo. 


85.76 


14.90 




13 


90.67 


9.45 




13 


95.01 


4.9S 




16 


90.82 


4.62 


4.82 


14 


85.12 


4.64 


10.G4 


18^4 


81.27 


5.17 


14.14 


18'^ 


75? 


5? 


20? 


18% 



Wear in 



53 .0542 

56 .0380 

58 .0327 

58 .0277 

8 68.71 5.24 26.67 18 58 .0204 

9 64.34 4.T0 31.22 18 44 .0130 

2. Copper, Tin, and Lead: This composition Is now recognized the 
standard bearing bronze. Its advantage over the bi-compound coming 
from the Introduction of lead. The bronze containing lead la less liable 
to heat under the same state of lubrication, etc.. and the rate of wear 
Is much dlmlniabed. For these reasons and the additional fact that 
lead Is cheaper than tin, it eeems desirable to produce a bearing metal 
with as much lead and as little tin as posBlble. The metal known as 
Ex. B. composition (tin 7 per cent, lead 15 per cent, copper 78 per cent) 
Is stated to be the best that can be devised. This alloy contains 
the smallest quantity ot tin that will hold the lead alloyed with the 
copper. By adding a small per cent of nickel, however, to the extent 
of one-halt to 1 per cent, a larger proportion of lead may be used, and 
Buccesfiful bronzes have been made by this proceBs, which contained 
as much as 30 per cent lead. Such bronzes, containing a large amount 
of lead, through the addition of nickel, are known in the trade as 
"Plastic Bronzes" and are a regular commercial article. The table 
above gives the results ot teste on dHterent compositions of bronzes. 
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CHAPTER IV. 



BALL BBARmOS. 

The following dlscuaslon on ball betirlnga conststa of an abstract of 
a paper by Mr. Henry Hesa, presented before the American Society of 
Mechanical Engineers. It Is of particular Interest and value, because, 
although the field of usefulness of the ball bearing la aa wide as the 
domain of mechanical engineering, but little Information on bait bear- 
ings can be found Id the eaglneering hand books or test books. Gen- 
erally, the Bubject is dlamisBed with occaalooal reference. SometlmM 
a formula for carrying capacity Is given, but this Is usually wrong. 
There Is, of course, much matter scattered through the technical press 
giving Isolated experiences with a tew bearings that happen to come 
within some one's observation. But, undoubtedly, the Inaufilclent In- 
formation on the elementa of ball hearings Is responalble for the di- 
rectly contradictory statements to be found, and the generally accepted 
opinion that bait bearings are aultable only for comparatively light 
loads. This was the aituatlon found by Prof. Strltiecli. a German in- 
vestlgator, who haa l>een experimenting with ball lieartngs for the 
German Small Anna and Ammunition Factories, of Berlin. The pres- 
ent chapter is a r4aum4 of Prof. Stribeck'a report, together with a 
number of notes baaed on Mr. Hess's own experience. 

The Wear of Ball B«arlnff8. 
SHdlDg bearings wear out by abrasion of the carrying surfaces, but 
bait bearings do not give out on account of wear. In fact, they do not 
wear. They may be ground out by admitting grft, but that Is an ab- 
normal condition for ball bearings, the aajne as It would be for sliding 
l>earinge. The onty normal cause for the giving out of ball bearings 
is the atress on the material, when this stress exceeds certain limits. 
Lightly loaded ttearlngB can be so deelgned as to eliminate this cause 
altogether, and to Insure practical Indestructibility. In heavily loaded 
bearings this condition may not be possible to realize within practical 
dlmeuslons, hut the proportions may be so chosen that the stress will 
not cause a hrealc-down within the lifetime of any mechanism to 
which the ball bearing Is applied. An Important principle in the 
design of ball bearings Is that the balls may he aubjected to loads, In- 
creasing as the ahape of the supporting surface more nearly becomes 
complemental to that of the bait. A ball running between races hav- 
ing a flat or straight line cross section will not support as great a 
load as if the section were curved, or in other worda, If the balls were 
running in a groove. The groove, of course, must never have a curva- 
ture equaling that of the hall, as that would aulutltnte sliding for 
rolling contact. 
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Formul&s for Loads ob B«11 Bearinre. 
The frlctlonol reBlBtaoce ot a ball bearing Is lower the leaa the num- 
ber of ballB. BearingB should be designed to have between 10 and 20 
balls. For t^is number of balls the equation 
5 
P. =— Ft. (1) 



should be used. In this equation 

Pb = total load on the bearing consisting of one row ot balls, In 
kilograms. 

P,^ greatest load on one ball. In htlograms. 
s^ number of balls. 

The load carrying capacity of one ball la P„ = fc d'. In which 

d^the ball diameter, in eighths of an inch. 

k = & constant depending upon the material and shape of the ball 
supporting surface. Thie constant should vary between 3 and 5 for 
common materials for ball bearings, and between G and 7.5 for Im- 
proved steel alloys. 

As ballB are usually made to En^Ish meaeurements, one-elghtb 
Inch has been selected as unit for the ball diameters. 

From equation (1) wa hare 



, and substituting fcd* for P.. we have 



Pb =fc<P 



Speed rotation, in as far as It la nnttorm, does not attect the carry- 
ing capacity of a ball bearing. This applies, however, only to radial 
bearings, but not to thrust bearings of the collar type. In these, the 
carrying capacity decreases with the Increase of speed. Variations tn 
load reduce the carrying capacity, the eOect Increasing with the amount 
of load change and the rapidity ot the change. Uniformity ot ball 
diameter Is very essential as the calculated carrying ca[Hiclty can be 
realized only If each of the balls sustains its share ot the load. High 
flnlsb on both ball and ball sustaining surfaces Is also essential. The 
presence ot grinding scratches will very materially cut down the load 
carrying capacity. 

Frlotlonal BABlstanoe of Ball BBartnEs. 

The frictlonal resistance of ball bearings has, by actual measure- 
ment, been found to vary from 0.0011 to 0.0095. These are the coefll- 
clenta of friction referred to the shaft diameter, thus permitting direct 
comparison with coefficients of sliding friction. Ball bearings having 
a coefficient of friction materially above 0.0015 under Ihe greatest al- 
lowable load should not be recommended, because they are too short- 
lived. The high resistance indicates the presence of too large an ele- 
ment of sliding trictlon. The coefficient of 0.0015 for a good ball 
bearing under Us greatest load, independent of the epeed within limits, 
will, however, rise to approximately O.0030 under a reduction of the 
load to about 1/10 of the maximum. 
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The BequlremsntB of a Oood BaII fbr Ball Bei 
The requlremcntB for a good ball are, In the first 
ahape and Blze. The permissible limit of error wll 
character ot the material. It is evident that where 
than the other balls In the bearing, it must be capa 
tion sufficiently large so as to permit the others to 
load, and for that reason, the smaller the deformatl 
rate to size must the ball be. In the second p1ac» 
surface finish Is essential. What Is usually cons' 
finish Is in a. ball bearing totally inadequate. Orl 
marks must not only not be recognizable by the t 
tected with an ordinary pocket lens, the balls s' 
This, at least, Is true of balls for bearinge expec 
and to carry heavy loads under high speed. T1 
balls is that the material out of which they ar 




limit as high as can be had. The unlfo' 
the masB of the ball Is also very esse 
fact, la one of the most Important factor 
because some balls In a lot are better t 
be based on the poorer ones. Such 
better balls carrying more than their r 
heavy a stress, and possibly breakage 
provided it 1b uniform. Is better than 
error In regard to the truth and siz- 
inch. 

BadlalBi 
Other things being equal, It is ' 
surfaces at right angles to the load 
bearing such as shown In Fig. 13, 
be had from tbe modification Bh 
races have curved cross section In 
raceB have the advantage of great 
been mentioned. Cutting a local 
as In Fig. 15, for the purpose -' i= 
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races, le commoD practice, but It Is not good practice. So long as the 
loads are low enough, a filling opening may be ot no account, but at 
high speedii and loads this groove is objectionable, since then the 
catching of the balls at the junction of the filling groove results in 
damage to the halls, and through these to the race surface. 
Thrust B«ariDirs. 
In thrust bearings, of the type shown In Fig. 16. the requirement 
that the sustaining surface should be at right angles to the direction 



of ttie load is provided for. These hearings are frequently made with 
the surfaces A and B parallel. Providing that these surfaces are made 
truly parallel, that design la good, but in practice it Is seldom possible 
to get these surfaces truly parallel, because even If such parallelism 
were possible of attainment, It could not be maintained under the de- 
flections due to the load. It must be remembered that initial errors 
or deflections of a thousandth of an Inch will cause the balls on one 
side to carry the entire load. For a given case this would demand 
bearings of larger size than otherwise necessary. By seating the lower 
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collar on a spherical surface as shown at B, Fig. 16. this collar can 
adjust itself In such a way as to distribute the load over the entire 
number of balls. The speed at which these bearings are run enters 
decidedly Into the carrying capacity of this type of bearing. The 
utility of these bearings is greatly reduced when speeds exceed 1.500 
revolutions per minute. 

Angular Loud Bearlnfrs. 
The shapes and modifications of angular load bearings are Innumer- 
able. E^gs. IT, IS, 19. and 20 may be taken as typical Instances of th^ 
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bearings, representlDK 2, 3, and 4-polDt contactB. In order to secure 
rolling contact, the contact potnte of tbe balls on the races should be 
points on a cone o( rotation whose apex Ilea In the center line of the 
shaft, or they may be points on the surface of an Imaginary cyllndrt' 
cal roller that would be parallel to the shaft. The defect in alt these 
forms of bearings is their adjustable feature. This places them ab- 
solutely at the mercy of every one capable of handling a wrench. A 
bearing properly proportioned with reference to a certain load may be 
enormously overloaded by a little extra effort applied to the wrench, 
or, on the other hand, the bearing may be adjusted with too little pres- 
sure, so that the balls will rattle, and the results consequently be un- 
satisfactory. The prevalent Idea that angular ball bearings can be 
sidjusted to compensate for wear Is erroneous. The wear will form a 




groove on the loaded side of the race, deepest at the point of maxi- 
mum load, and adjusting the cone endwise will only cause the balls to 
be more tightly pinched between the sound portions of the races, which 
will most likely cauee overload. The rough surface of tbe groove pre- 
viously worn will attack the balls, and In due time the entire race 
and bearing will be destroyed. 

Theoretically, It would seem that a radial bearing would be Incapable 
of carrying thrust load, owing to the wedging of the balls between the 
races. In Ftg, 21. however, Is shown Ihe condition of a ball bearing 
where the ball does not entirely fill the space between the races, If the 
bearing Is not under load, and which, when under load, will assume 
the position shown. The ball does not come In contact with tbe race 
grooves where these are deepest, but so that Ihe tangents to the race 
curvature at the contact points form angles with the line of thrust. , 



BALL BEARINGS 31 

A calculation of the amount of the wedging action In Fig 21 with 
the radial freedom of ball permissible in these bearings Indicates an 
Inadvlsablf large amount of wedging Actual running testa howerer 
as welt as a large fund of accumulated experience have already prOTed 
that these bearings will cany mucb more thrust load than the calcu 
latlon of the theoretical wedge angle Indicates as possible It is prob- 
able that the deformation which occurs at the point of ball contact, 
which results In small surface areas of contact Instead of mere points, 
has a mean tangent to the compresalon sijrface at greater Inclination 
and that the wedge la therefore more blunt It has been experimental 
ly determined that the thrust carrying capacity of the uninterrupted 
type oC annular bearings Is to the redUl capacity as 1 Is to 1 and 
may be as great as 25 to 1 the variation depending upon the ball 
diameter race curvature and number of balls It has been expert 
mentally found that speed has but a slight influence on the thrust 
carrying capacity of this class of ball bearings and (or speeds above 




1,500 revolutions per minute, these radial bearings are more efficient 
thrust carriers than the collar type. 

Tbe Buppoeed Sliding' Prletlon In Ball Bearlnra. 
Many designers have euppoeed that In ball bearings adjacent balls 
press against one another with considerable force. With the Inner 
race In Fig. 23 running ae Indicated, the balls will also rotate as 
shown. Tile surfaces of the balls run In opposite directions, and 
therefore rub against one another. This Is assumed to be a serious 
defect by those who reason that these surfaces are in contact under 
pressure. The same general cure In Innumerable forms, as shown In 
Fig. 2i, has been proposed time and again. This cure consists in the 
provision of smaller balls interposed between the larger ones, so that 
all the contacting surfaces roll In the same direction relative to one 
another. This remedy Is, however, fallacious. In that it brings about 
tbe very condition It seeks to avoid. It two targe balls, Fig. 2a, com- 
press a smaller one between them, and the three have their centers 
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connected by a straight llae, they will retain their relative poBltions, 
but If the Interposed ball has ita center to one side, &e la Fig. 26, then 
this ball will be forced outward. The resort to a cage for retaining 
the interposed roller or ball results In the latter being pressed against 
the aides Of the cage, and keeps the ball In forcible sliding contact, tbe 
very thing tbat It was Intended to avoid. In another design, Fig. 27, 
the Interposed member Is brought Into contact with the race, and 
wblle the various balls have a rolling contact in relation to one an- 
other, the interposed member has a wrong direction with reference to 
the race against which It is forced, and thus a sliding contact Is pro- 
duced. All these designs are based on a failure to recognize that 
aslom In mechanics according to which a force whose direction Is 
normal to the supporting surface has no component In any other direc- 
tion. 

Analyze the conditions In a ball bearing, and, referring to Fig. 33, 
suppose tbat the shaft is loading the Inner race, and that the latter Is 
fallacloualr assumed to act as a wedge, forcing the balls at the bottom 
apart and consequently producing pressure between the balls at the 




top. In that case the space S must be smaller than the ball diameter a. 
The rotation of the inner race, however, will carry the balls around 
the bearing, and the diameter a Is therefore forced through the smaller 
space 8. To do this the ball must lift the Inner race. The force to do 
this is imparted by the load and Is equal to the rolling friction, and 
can, therefore, amount to but a fraction of that. load. We would then 
have the absurd condition of this smaller force overcoming the larger 
original force. Were we to assume that the Inner race Is not raised 
by a ball In passing, but that the ball Is compressed sufficiently to 
get through. It would mean the absurdity tbat the small force repre- 
sented by the rolling friction would be sufficient to deform the ball. 
Correct Ball Bearing Mountinfr- 
The following requirements are placed on correctly mounted ball 
bearings: 

a. The proper size must be selected for the load and conditions In 
question. Rated capacities are usually for steady loads and speeds, 
but variations from these conditions demand a cutting down of the 
listed capacity. 

b. Bearing must be lubricated. The often repeated statement that 
ball bearings can run without a lubricant la not correct. 
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c. Bearings must be kept free from grit, moisture, and add. No 
lubricants developing 'ree acids should be permitted. 

d. The inner race of the bearing should be firmly secured to the 
shaft. This can be done by a light driving fit. reinforced by binding 
the race between a substantial shoulder and a nut. 

e. The outer race must have a eliding fit In its seat 

These conditions should under all circumstances be adhered to, and 
a failure to do so wilt result in very unsatisfactory bearings. The 
two following conditions are frequently disregarded, and while the 
disregard of these conditions is not so serious as of those men- 
tioned before, it is safe engineering to follow them, and a disregard of 
them is a standing Invitation to trouble. 

f. Thrusts should always be taken up whether In the same or oppo- 
site directions by the same bearing. 

g. Bearings should never be dismembered, or at least never more 
than one at a time. That will avoid all danger of mixing the balls 




from different bearings; such balls from different bearings are very 
apt to vary more than Is permissible (or the Individual bearing. 
Illustrations of Coirect Mounting. 

The development of ball bearings being bo recent la probably the 
cause that so little information as to correct mountings for various 
conditions Is available. The experience of those best informed has 
been that faulty mountings are very general, and for this reason Illus- 
trations have been given of correct mountings, going more into details 
than would be considered necessary for a more familiar mechanical 
subject. 

Fig. 2S shows a bearing in which the Inner race has a light driving 
fit on the shaft, and is securely clamped between a shoulder on the 
shaft and a nut. The shoulder on the shaft should be high enough to 
get a firm grip on the surface of the side of the race. It is good prac- 
tice to make this shoulder about one-half as high as the race thickness, 
perhaps a little less for large bearings and a little more for email 
bearings. The outer race has a tight sliding fit In the housing, so 
that the bearing as a whole may be able to respond to relative shifting 
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of the shaft and houelog without being subjected to end thrust through 

the balls. 

Fig. 29 shows a radifil.'y loaded shaft held agalaat endwise motion 
in either direction. This bearing la capable of carrying thrust load In 
either direction, but never more than one bearing on the same shaft 
should be held In this manner. This bearing differs from the preced- 
ing mounting only therein that It has the outer race secured between 
shoulders In the housing. ThiB arrangement and the preceding one 
are usually found combined on the same shaft, which Is then held 
endwise at one point only, so that temperature changes, or deflections 
of the shaft, can cause no cramping. 

Fig. 30 shows separate radial bearings for radial and thrust loads. 
This type of bearing is used when It Is desirable to take thrust load 
on bearings of the radial type, although the space available does not 
permit of a single radial bearing of sufficient diameter to take both 



loads. One bearing is then mounted entirely free clrcumferentlally 
so as to take the radial load, while the other bearing is mounted 
between shoulders, and takes the thrust load. 

Figs. 31 and 32 show thrust loads on a collar bearing In one direc- 
tion only. Here the stationary race is provided with a spherical seat 
so that it wilt distribute the load over the complete circle of balls. In 
order to permit compensating shifting, the fixed seat must be radially 
free of the shaft and of the housing. The shoulder on the shaft should 
be lai^e enough so as not to permit any bending strains on the rotating 
race. When It Is Inconvenient to provide a large enough shoutder on 
the shaft, a washer can be inserted between the shoulder and the 
race, as shown In Fig. 32. In Fig. 33 is simply shown a modification of 
the bearings in Figs. 31 and 32. This bearing takes thrust loads in 
two directions on two collar bearings. Fig. 34 shows an arrangement 
by which thrust load In two directions may be taken up by a slngLe~~> i ^ 
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collar bearing. Tbts arrangement la one wblcb economizes Bpace, coat 
of bearlnga, and number of parts. Fig. 35 ahowa an arrangement 
where a radial bearing Is used for taking tbe radial thrust, and a 
collar bearing is used tor taking the end thrust. Fig. 36 ahowa an 
arrangement for taking up radial load ae well as thrust load In two 
directions, theae loads being carried on one radial bearing and two 
collar bearings. In this design attention may be called to the distance 
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piece Inserted for binding tbe Inner race ot tbe radial bearing against 
the shoulder of the shaft. 

It Is occasionally Inconvenient to arrange the bearing so that tbe 
parta of the inner races can be clamped to the shaft, or it may be 
desirable to have a shaft sliding through the bearing. In such cases 
a aleeve may be Introduced on which tbe inner race of tbe bearing Is 
flrmly^ clamped endwise, the abaft simply resting In this sleeve. Tbts 



gives a long bearing to the shaft, which would not be possible If the 
shaft was directly mounted in the ball race, because the peenlng effect 
of the vibrating loads would, even If the race itself was prolonged, be 
concentrated on a narrow zone of the shaft. A bearing of this lilnd 
Is shown in Fig. 37. 

In Fig. 3S Is shown a bearing which is intended for shafting which 
may not be fully to standard size. The Inside of the ball race la 
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tapered, and a split bushing, tapered on the outeide as shown, will, 
when tightened, bind tbe shaft aa w^Il as the race to It, and will com- 
pensate lor all variations In size. The nut should not be used to draw 
the bufihins In, but should merely act as a lock to hold it In place 
after It has been drlveu home with a soft hammer. 
Ball bearings should always be enclosed so that lubricant will not 
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be lost by leakage, and so that foreign matter will be excluded. Fig. 
39 shows an efficient way of enclosing a ball bearing without using 
an7 packing. At the end where the shaft pass^ out of the enclosure, a 
flange should be bored out about 0.020 inch larger in diameter than 
the shaft. This flange should be separated into two lips by an angular 

) 
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groove, either cored or bored, as shown at A. These lips should not 
be less than ^ inch wide and should have sharp edges. The groove 
should be provided with a bole or narrow slot B at its lowest point 
to communicate with the bearing oil space. The groove itself should 
have a width of not less than 3/16 Inch, and a depth of about 6/16 to 
% Inch, and should not be filled with packing material. Fig. 40 shows 
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an armagement of a similar kind, excepting that here Is Introduced a 
second groove and a third tip. This arrangement is employed wbere 
water may be occasionally encountered, and will prevent its entrance. 
What little may find Its way past the outer lip Into the outer groove 
la soon drained out again through the holes provided. 



Where much grit Is encountered, as In grinding machinery, a pack- 
ing n»y be necessary, and filling the outer groove with a fairly con- 
Blstent grease will provide auch a packing without Introducing Irio- 
tlon. A bearing or this kind Is shown In Fig. 41. A grease cup of the 
spring loaded piston type will automaticallj' maintain the Integrity of 



this packing. In some cases felt ring packings may he used, but these 
onght to he soaked, in good soft paraffine, and a spring wire ring should 
be placed around the felt washer so as to force the outer edges of the 
washer outward, which will cause the felt to come Into more Intimate 
contact on the sides. Felt washers may also be applied as shown In 
Fig. 43. Here the washer is tapered on one or on both sides, and the 



L_;oogic 



sealing of the encloBure is made entlrelj' against the sides of the sur- 
faces against which the felt washer bears. The felt washer U pressed 
Inwards br means of springs on the outside. The two modiflcatlons 




shown In Figs 42 and 43 are Intended to be Inserted between the 
faces of a stationary boss and a rotating hub. The modification in 







FBckUlB Is FiB. 



Fig. 44, however, Is enclosed entirely within one or the other. A 
felt ring Is set into a counterhore and held In place by a light metal 
cap sprung Into position. 
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FRICTION OF BOLLBB BBABINaS. 

Daring tlie years 1904-05 ft Beriea ot teeU on roller bearings was 
condnct«d at the Caee School of Applied Science, Cleveland. A complete 
report of these testa was publlataed by ProCesaor C. H. Benjamin In 
the October, 1906, Issne of Maceinebt, of which the following la an 
abstract. An attempt was made In these ezperlmenta to compare roller 
bearings with plain cast iron bearings and with babbitted bearings 
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under elmllar conditions. Four sizes of bearings were used in the 
testa, measuring respectively 115-16, 2 3-lS,2 7-ie and 216-16 inches 
in diameter. The lengths of Journals were four times the diameters. 

In the flnt set of experiments Hyatt roller bearings were compared 
with plain cast Iron sleeves at a uniform speed of 4S0 revolutions per 





£ SpHd 4S0 Bern 


.tto«p« 


mtout.. 




Htatt Beabiro. 


PLAIN BBAniHO. 


Hu. 


UId. 


At* 


Uax. 


Uln. 


Ave. 


1 


.086 

.osa 

.041 
.068 


.019 
.084 
.025 
.049 


.036 
.040 
.080 
.061 


.160 
.139 
.148 
.188 


.099 
.071 
.076 
.091 


.117 
.094 

.104 
.104 



minute, and nnder loads varying from 64 to 264 pounds. The cast 
iron bearings were thoroughly and copiously oiled, the lubrication be- 
ing rather better than would be the case in ordinary practice. Table 
I shows the results of the test on one bearii^ in detail, and from this 
it la seen that the valne of f, the coefBclent of fricUon, diminishes as 
tlte load increases. 
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Table II glTea & sammatr ot this series ot esperlmenU for the 
different sizes of Journals, the dittereut loads being the same as In 
Table J. The relatlTely high values of f. In the 2 3-16 and 2 15-16 roller 
bearings were due to the snugnees of the flt between the Journal and 
the bearing, and show the advisability of as easy a flt as In ordinary 
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The same Hyatt bearings were used in the second set of experiments, 
but were compared with the McKeel solid roller hearings and with 
plain babbitted bearings freely oiled. Table III shows the detailed 
results of experiments on one else of Journal, and Is similar to Table 1. 

Under a load of 363.3 pounde the eolld roller bearing showed an 
end thrust of about 20 pounds, which would account for the difference 
in friction between that and the Ryatt. Table IT gives a summary 
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of the testa In this series and may be compared with Table II. The 
relatlTBly high values for the Hyatt 2 7-16 bearing must be due to a 
slight cramping of the rolls due to too close a flt, as was noted In some 
of the former experiments. Under a load of 470 iKiunds, the Hyatt 
bearings developed an end thrust of 13.5 pounds and the McEeel one 
of 11 pounds. This end thrust is due to a slight shewing of the rolls 
and would vary, sometimes even reversing in direction. 
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work, and tor graphic Instructions In the methods of machine shoii practice. 

No. 11. Beabinos. — Design of Bearings, Hot Bearings, Oil Grooves and 
Fitting of Bearings, Lubrication and Lubricants, and Ball Bearings. 

N". 13, Mathematical Pbi.nxiples of Machine Design. — The matter pre- 
sented Is almost entirely the worlc of Mr. C. F. Blake, a name very familiar to 
the readers of Maciiinebt. Draftsmen and designers will find the chapters on 
t'he Efficiency of Mechanisms and Notes on Design full of valuable suggestions. 

No. 13. Blakki.no Dies. — Contains chapters dealing with Blanking Dies In 
general, the Design of Dies tor Cutting Stock Economically, Split Dies, and 
General Notes on Die Making. 

No. 14. DfTTAiLs OF Machine Tool Design. — ContalDs chapters on the deter- 
mination of the Diameters of Cone Pulleys, the Relation between Gone Pulleys 
and Belts, 'the Strength of Countershafts, and Tumbler Gear Design. 

No. 15. Spur Geabinq. — Contains chapters on the First Principles of the 
Action of Gears, the Arithmetic of Spur Gearing, Formulas tor the Strength of 
Gear Teeth, and the Variation of the Strength of Gear Teeth with the Velocity. 

No. 16. Maciiike Tool Dbives. — Contains chapters on the Speeds and 
Feeds ot Machine Tools; Machine Tool Drives; Single Pulley Drives; and 
Drives for High Speed Cutting TooIb. 

No. 17. Strength of CYLiNDMB.^Deala with the subject of strength of 
cylinders against Internal hydraulic or steam pressure. Formulas, tables and 
diagrams are given to facilitate the design of such cylinders. 

No. 18. ABiTHMETtc FOB THK Maciiimkt.— Among the various subjects 
treated are the following: The Figuring of Change Gears; Indeiing Movemenls 
tor the Milling Machine; Diameters ot Forming Tools; and the Turning of 
Taperfl. Simple directions are given for the use of tables ot sines and tangents. 

No. 19. Use or FoaMfLAS in Mechanics. — This pamphlet Is adapted for the 
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chapter on mechanical reading In general, and proceeds to explain thoroughly 
the use- of formulas and their application to general mechanical subjects. 

No, 20. Spibal Gearing. — A simple, but complete, treatment of the subject. 
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Lack of space prevents a description of the following very useful and in- 
teresting pamphlets: — 

No. 21. Measuring Tooi.a. — No. 22, Calculations of Elements or Ma- 
chine Design. — No. 23. Thr Tiikort of Cbank Design,— No, 24. Examples of 
CAi.r(Ti.ATiBO Designs, 
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INTZtODUOnON'. 



It U rather dtfflcult to claesitf and give proper deflnttlooB of the 
many varying binds and types of dies used on the power press lor 
rapid production of duplicate worli. While there are, ot course, some 
general classes into which all tools of this descrlpllon may he divided, 
the various types overlap, so to say, and one Is sometimes In douht 
as to the proper classiflcatlon of tools which combine tbe -features of 
different types. In the following, however, the distinctions between 
the main types have been pointed out In general outlines, the defini- 
tions being broad enough to permit of adjustment according to special 
oondltlons. 

All dies may. In the first place, be divided up Into two general 
Glasses: cvttinif diej and thaping dies. Cutting dies Include all dies 
which simply cut or punch out required pieces of work from the stock 
fed into the press, without changing the condition or form of the 
stock In the plane In which It was located In the material from which 
It Is cut Shaping dies Include all dies which change the form of the 
material from Its original fiat condition, producing objects in which 
the various surfaces are not In the same plane. The last mentioned 
main subdivision often includes also the characteristics of the first, 
that Is, some shaping dies are. in fact, a combination of cutting and 
shaping dies, the blank tor the work to he shaped or formed being 
first cut out to the required outline from the stock, and then shaped 
to the desired form. 

The main classes ot dies, as will be recognized, are based on the 
uae of the dies. The first of the classes mentioned, cutting dies, may, 
however, be further subdivided according to the conttruction of the 
various types of dies In this cIbbb. . We then distinguish between four 
distinct types, plain blanking dies, follow diet, gang diet, and com- 
poiind diet. 

Plain blanking dies are the simplest of all types of dies, and are 
used to cut out plain, flat pieces of stock having, In general, no per- 
forations, the work being turned out complete at one stroke of the 
press. 

Follow dies, not Infrequently also termed tandem dies, are used 
for work which _muflt be cut out from the stock to required shape, and 
at the same time be provided with holes or perforations of any 
kind. The principle of the follow die Is that while one part of the die 
punches the hole In the stock, another part punches out the work at a 
place where at a former stroke a hole has already been punched, so 
that a completed article results from each stroke of the press, but. In 
reality, two operations have been performed on the work before com- 
platlon. The follow die cannot be depended upon to turn out veryl,-. 
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accurate work, ttecause It dependa largely on the skill and care of tbe 
operator for the production or duplicate work. In both the plain 
blanking and the loUow dies, the punch, or upper member, and the die, 
or lower member, of the complete toot, are distinct elements, the work 
being cut out or perforated by the entering of the punch into the hoiea 
provided for It in the die. 

Gang dies are used when several blanks are punched out stmultane- 
ousir from the stock. The advantage ot the gang die over the plain 
blanking die is the saving of time. 

Compound dies ditTer from plain blanking and gang dies In that 
the simple punch and die elements are not separated, one In the upper 
and one in the lower halt of the complete tool, but these elements 
are combined so that both the upper and the lower part contain each a 
punch and a die. The laces of both punches, dies and strippers are 
Lormally held at the same level, and the strippers are spring su|i- 
ported BO as to give way when the stock is inserted between the faces, 
and the press is in action. The springs are so adjusted that they are 
strong enough to overcome the cutting resistance of the stock, after 
which they will be compressed until the ram reaches the end of its 
stroke. A compound die produces more accurate work than the three 
types previously referred to. for the reason that all operations are 
carried out elmultaneously at one stroke, while the stock Is (Irmly 
held between the spring-supported opposing die faces. The disad- 
vant^e ot the ordinary compound die la the difficulty encountered In 
"setting up," and the complexity of the design, which usually requires 
more or lees frequent repairs. 

The second main division ot dies, the shaping dies. Cannot be sub- 
divided according to the construction of the dies in the same manner 
as the cutting dies. Shaping dies are usually designed more or less 
on the compound principle, outlined above, but owing to the great 
variety of work performed In shaping dies, the designs vary too greatly 
for a classification on the basis of constructional features. They may, 
however, be divided into sutKilasses according to the genera) use to 
which they are put. We would then distinguish these four main enb- 
divisions: lending diet, forming diet, drawing die», and cuTling diet. 

Bending dies are used when part ot the surface ot a piece of work 
Is pushed from Ite original plane into a new shape in such a manner 
that the bent work does not form a closed curve. 

Forming dies are used when the blanh Is required to be formed 
into a hollow shape, by being pushed Into a cavity In the die. 

Drawing dies are used for the same purpose as forming dies, but 
the process diSers therein that an outer portion of the flat blank to 
he formed Is confined between two rigid flat surfaces, so that, when 
drawn radially Inwards from between them, no wrinkles can form. 

Curling dies are used for bending over the ends or edges of the work 
Into a circular cross section, like the turning over of the edges ot 
hollow objects of sheet metal, etc. 

Finally, we must mention the sub-press die, which, however, cannot 
t)e defined as a special class ot die, but merely as a principle on wblcb 
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all tbe different classea of dies, cnttisg as well as sliapliig dies, may 
be worked. The sub-preas principle 1b slmplr that tbe upper and 
lower portion of tbe die, tbe punch and die, ace combined Into one 
unit by guide rods fastened into tbe lower part of the die and extend- 
ing through holes in the upper part, or by some other provision for 
guiding. This construction permits of a high degree of accuracy, 
eliminates the necessity of lining up the punch and the die each time 
they are set up on tbe press, and thus Bavea a great deal of time and 
cost. 

In the following, we sliall, however, deal only with the simpler 
fonns of cutting dies, plain blanking and gang dies, except In Chapter 
V, where reference will also be made to some of the more complicated 
types of dies. 



MBTHOD OF MAKJNQ BLAKKINO' DIBS. 

From a mechanical standpoint it can truthfully be said that we are 
living in an age of dies. Never before has the industrtal world made 
use of the punch and die as it Is doing to-day. And no wonder; for 
tbia useful tool in all Its different phases bas proved beyond all reason- 
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able doubt that It can turn out more work In leas time than tbe com- 
bined efforts of a room full of mining machines, shapers, and drill 
presses. To tUose who are unfamiliar wltb the die and Its work tbe 
above may not appear feaalble: but one has only to visit a modem 
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sheet metal factory to be convinced of the surprising rapidity with 
which the power preee with Its punches and dies will turn out not 
only work of all kinds of shapes and sizes, but accurate work as well. 
Of the many different kinds of diet In nse, the blanking die la prob- 
ably the most widely employed. The reason for thle Is that almost all 
work that requires the use of various other kinds of dies has its begin- 
ning with the blanking die; for It Is this die that 'cuts the work from 
the flat stock before It is completed by the other dies. In making the 
blanking die tliere are a few essential points to be taken into consid- 
eration, among which are the following: 

1. Use good tool Bteel of a eufBcient length, width, and thlckneaa 
to enable the die to hold Its own. 

2. In laying out the die, care shonld be taken that as lltUe of the 
stock as possible is left over, as waste, In cutting out the blanks. 

3. Be sura not only that the die haa the proper amount of clears 
ance (which should be no more than two degrees and no lesa than one 
degree) ; hut also that the clearance is filed ttratght, so aa to enable 
the blanks to readily drop through. 




4. In working out the die, machine out ae much ss possible; don't 
let the file do It all. 

5. In hardening the die, do not overheat the same, aa the cutUng 
edge of a die that has been overheated will not stand up to the work, 
and requires so much sharpening in order to produce perfect blanks, 
that at its best it is nothing more than a nuisance. 

In laying out the blanking die, the face of the die la first polished 
smooth and drawn to a blue color by beating. This gives better satis- 
faction hy tar than using coloring acid, for it gives a dear white line 
on a dark surface to work to, and Is easier on the eyes, particularly 
when working by artificial light as is often necessary. When the die 
to be laid out Is a blanking and piercing die, allowance of Z/Si Inch 
must be made for the '■bridge," 1. e., the narrow strip of metal that 
separates the holes In the stock from which blanks have already been 
cut. Fig. 1 shows how this Is done; the dotted line A Is drawn merely 
to show how the die Is laid out. 

After the die Is laid out it Is ready to be worked out. Now there 
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are Beveral different ways ot working out the surplus stock In a die 
oC this kind. One Is to drill Bay a half-Inch hole at a safe distance 
from the line, and then fasten the die In a dlemaker'a milling machine 
and mill out the stock close to the line with a taper mlUlng cotter, 
which glTCfl the die the necessary clearance, thereby saving consider- 
able time when filing out the die. 

I i i I i ni: 




Another method, which 1b most commonly used, 1b to drill out the 
surplus stock on a drill press, after the manner shown In Figs. 2 and 3, 
which Is done as follows: The six holes for the corners numbered 
1, 2, 3, 4, 5, 8, Fig. 1, are first drilled and reamed taper, after which 
the other holes are drilled. These holes are drilled an even distance 
apart, and must therefore be spaced olt, and then spotted with a prick 
punch before they are drilled. The best way to do this is to fli^ 
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scribe an inside line at a distance from the outside line eqnal to one- 
half the diameter of the holes to be drilled, then space oft, and spot 
In spacing off, do not use dividers, but use a double prick punch. 
Ualng a pair of dlrlders requires too much time, besides the points 
get dull quickly enough without using them when ft Is unnecessary. 
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After the centers have been lightly spotted with the double prieli punch, 
use an ordinary prick punch and make the spots a trlQe deeper, bo 
that the drill will more easily take hold. 

In drilling, use the method shown In Figs. 2 and 3, for In this way 
the holes can be drilled closer together, thereby making it easier to 
get rid of the surplus stock and saving the time of broaching out the 
webs. The die blank should be slightly tipped by placing a narrow 
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strip of flat stock under the edge of same, &b ehown In Ftg. 6, when 
the die Is being drilled. This fs done to give the necessary clearance, 
and does away with that time-hilling operation of reaming the holes 
with a taper reamer from the back after they are drilled. After the 
BurpIuB stock 1b gotten rid of, the die la flnlshed up by flllng, using a 
coarse file to begin with, and flnlBhtng with a smooth one. 




Fla. e. Itoltaod or ObtBlalDC Claumiioa vt»B DrmiBS ODt Oie "Cor*." 

Usually the die 1b made to St a sample blaak or a templet. This 
iB done by entering the templet from tbe back as far ae It will go 
after the die has been flled to the Inside of the tine. A lead pencil la 
then used to mark those parts of the die where the templet bears. 




The templet Is then removed, the pencil marks filed out. the templet 
again entered and so on, until It Is worked through the die. In flllng 
out a die of thlB kind, where there 1b any danger ol Injuring that part 
of the die which has already been flnlBhed. use two strips of sheet steel, 
A and B. In the manner shown In Fig. 7, the round comers which are 
already flnlshed being thus protected from the edges of the flie. 
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In hardening the die, heat It to a cherry red. preferably In a gaa 
furnace or a clean charcoal fire, and dip endwise Into the solution need 
f<^r hardening. When the die Is sufficiently cold bo that It can be 
t&ken hold of by the hands, withdraw it quickly and place it on the 
fire until It has become so warm that ft will make water sizzle when 
dropped thereon; then Immerse once more until cold. This Is done to 
relieve the Internal strains caused b7 hardening, and acts as a pre- 
ventive to cracking. The face of the die Is now polished, and the 
temper drawn to a light straw color, after which the die U allowed to 
cool of its own accord In oil. When cool, the die Is ground on a sur- 
face grinder on the top and bottom, and If It Is required It Is lapped 
to size, which completes the operations. 




The punch Is made after the manner shown In Fig. 8, and needs 
very little explanation. The dovetail punch back shown holds the 
punches in position, and Is securely held in the press by the aid of a 
key. The slot 8 toima a position stop by engaging In a stud In the 
dovetail channel in the ram of the press, thereby eliminating the 
necessity of again resetting the tools in case the punch requires 
sharpening. The blanking punch Is made from a tool steel forging, 
and Is machined and eheared tbrougb the die In the usual manner. 
The one-Inch shank Is made a good driving fit In the punch back, and 
Is upset as shown after the punch is driven In. The three set pins 
help to more securely bold the punch In position, and prevent It from 
turning. 

The piercing punch is held In position by the piercing punch holder, 
which is driven tight In the punch back. The piercing punch is lightly 
driven In, and Is made of drill rod, and can be very readily replaced 
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In case it is broken. The pilot pin Is also made of drill rod, and can 
be veiT easily and qufcU7 taken out when the punch rfquires ahan>- 

The stripper and Ease plates for this die are shown in Flge. i and E. 
They are fastened by four 7/16 cap acrews to tie die bed, naed for 
holding the die In position when Id use, and form, without doubt, not 
only the best, but by far the cheapest of tbe various methods employed 
for this purpose. Wbile this method cannot be used on all kinds of 
blanking dies, it can, howoTer, be uMd with tbe beet of resultB on dies 
similar to tbe one described, and eliminates the unnecessary opera- 
tion of drilling and tapping holes in tbe die Itself to bold tbe stripper 
and gage plates In position. Not only that, but tbe gage plates as 
shown are used In connection with many other dies of a similar nature, 
thereby doing away with the necessity of having a set of gage plates 
for every die, as would otherwise be tbe case. 

As the Ulnetratlons speak for tbemselves, no more explanation seema 
neoenary, except perhaps that the slot B sbown In Fig. 4 Is to allow 
for an automatic finger to act as a position stop for the metal when 
it Is mn through. 
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CHAPTER II. 



BLANKING AND PIBBOINa DIES FOB WASHERS. 

One of the elmpleBt dies to make, comtng under the head of blank- 
ing and piercing dlee, Is perhaps the die for blanking and piercing 
braes washers. The reason for this Is that In making this die, the 
file and vise are not used; the construction and shape of this die are 
such as to allov It to be made Oy machinery. To lay out a single 
washer die Is a. very easy matter, but to lay out a die for cutting two 
or more washers at one time, so as to cut the greatest amount of 
blanks from the least amount of etoclt, Is not understood as It should 
be. One of the reasons for this U that It U the custom in some shops 
to have the foreman, or some one else appointed by l;lm, lay out all 
the dies before they are given to the die-maker to work out. 




In laying out a washer die for blanking two or more washers at one 
time, one of the main points to be remembered Is that all the boles 
from whicb the blanking and piercing are done must be laid out in 
an exact relation to each other, so as to eliminate the possibility of 
"running in" (j. e., cutting Imperfect, or naif blanks, by cutting Into 
that part of the metal from which blanks have already been cnt). 
The required amount of blanks must also be considered, tor It some- 
times happens that the amount wanted does not warrant the making 
of a die that will cut more than one at a time. 

Fig. 10 shows how a die Is laid out for blanking and piercing two 
washers at one time, so as to use up as mucta of the metal as possible. 
As shown, the ^-Inch holes marked G and D are the blanking part of 
the die, while the "^-Inch holes A and B are the piercing part. The 
distance between the center of C and A Is 51/64 Inch, as la also the 
distance between D and B, By referring to Fig. 9, whlcb shows a 
section of the stock after It has been run through this die. It will be 
seen that there Is a narrow margin of 3/64 inch of metal, known as 
"the bridge." between the boles. In laying out the die this margin 
must be taken into consideration, whlcb Is done in this manner: 
diameter of washer to be cut plus bridge equals distance from center 
to center, uis., 3/4 + 3/64 = 51/64. The dotted circle shows that Uie 
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die IB laid out BO that one washer Is skipped In running tbe metal 
tbrongh at the atart. This 1b done In order to make the die ft snb- 
Btantlal and Btrong one. it can be very readilr seen that If the circle 
B wae the blanking part Instead of D, tbe die would be a frail one, 
and would not be strons enough for the work for which It is Intended. 
Another Important point In laylDg ont a die of this kind Is to lay 
out the die "central," i. e., laying out the die so that when It Is keyed 
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In position ready for use In the center of the die bed. It will not have 
to be shifted to the right or left side In order to make It line up with 
the punch. It may not be amiss to say In connection with the above 
that tile punch back which holds the blanking and piercing punches 
In praitlon should also be laid out "central"; this will be more fully 
described later on. 




Fig. 12 shows the layout for blanking and piercing three washers 
at one time, and hardly needs any explanation; the explanation given 
in connection with Fig. 10 sufficiently explains Fig. 12. 

Fig. 11 shows a section of the stock after It has been run through 
this die. It can be seen that the holes match In very closely together. 
and that very little stock Is left. It Is also seen that the three holes 
punched are not In a straight line. In so far as the width of tbe metal 
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Is concerned. Thla Is done In order to save metal; the dotted circle F 
Is merely drawn to show tbat wider metal would have to be used If 
the holes were in a straight line. 

Fig. 13 BhowB the plan ot a die for blanking and piercing eight 
washers at one time. The parts which are numbered are the blanking 
parts, while the parts that are lettered are the piercing parts ol the 
die. This die is laid out similarly to Fig. 12, with the exception that 
there Is provlalon for eight blanks Instead ot for three. Fig. 14 shows 
a section of stock after It has been run through this die. To give a 
better Idea as to how the blanks are punched out in the manner shown. 
the sixteen holes In the metal from which blanks, have been cut are 
numbered and lettered the same as the die. It should be understood 
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that the metal Is fed through In the usual waj', which Is from right to 
left, and that the ^-Inch holes are first pierced out, before the %-lnch 
blanks are cut. 

By referring again to Fig. 13, the layout for cutting two, three, four, 
Ave, six and seven blanks can be determined. The parts numbered 
and lettered 1— A and 5—E are the layout for two blanks. . For thre'e 
blanksr 1-—A. 2—B, and 5—E. For four blanks: I— A, 2—B. 5 — E, 
and 6— F. For Ave blanks: 1—A. 2—B, 3— C, 5— fi, and G— f. For 
Bis blanks: 1—A. 2—B, 3 — C, 5— B, 6— F and 7 — O. For seven blanks: 
1— -1. 2—B. 3— C. 4~D. 5—E, 6—F. and l-O. 

The die bed used tor holding the die In Fig. 13 in position when 
In use should have its dovetail channel running In the direction KL. 
while the dovetail channel for the dies shown In Fig. 10 and 12 should 
run In the direction FG. The reason for this Is the longer bearing sur- 
face for the dovetail obtainable by such arrangement. 
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It should be remembered that all boles In dies of this kind are lapped 
or grouad to size after hardenlDg; tbey should be perfectly round and 
have 1 66giee clearance. In some Bhope the boles are left straight for 
U Inch, and tben tapered oB 2 degreoB. 




An Important point to bear In mind In making the pmch 1b to have 
a perfect "line up." It may not be generally known, but It la never- 
theless n fact, that blanking tools that blank, or that pierce and blank 
two or more blanks at one time, will run longer without sharpening, 
cut cleaner blanks, and, In fact, give all around better results. It the 
punches are a perfect "line up" with the die, than if they are lined up 
In the BOKtalled "near enough" way. A perfect line up. as referred to 
in the above. Is a line up that will allow a punch that consists of two 
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or more punches to enter the die the same ae 11 the punch conalated 
of Just one punch. The advantage of the perfect line up over the other 
1b that when In use the punches do not come in too close contact with 
the edges of the die. They enter the die. but do not bear against the 
edges In such a war as to dull the die, or round over the sharp cutting 
edge of tb» punch. 

A punch that is almost a perfect line up will enter the die, but it 
requires more force to make it enter. Why? Because In entering, one 
of the punches, for Instance, rubs hard against the side of the die, and 




If Bet op tn the press and allowed to run. that punch, no matter how 
smatl, will dull the edges of the die aa well as tlie edge of the punch 
Itself. The result ts that the press must stand idle while the tools 
are being sharpened, and If the real cause of the trouble Is not reme- 
. died, it la "the eame old thing" over and over again. 

Just a few words in regard to making the punch. In making the 
punch, the punches must be made so that they will Qt the die not too 
loose, nor too tight. The blanking punches are hardened and ground 
to Blze. The taper shank is finished to size atler bardenlng, so that 
when the punches are driven into the punch back they will stand 
straight and not lean to one side. 
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In laying out the dovetail punch back, flrat clamp the back central 
on tbe face of the die. This is done so that when the punches are 
driven In position In the punch back, and set central In the ram of the 
press, ready to be used, no Bhlftlng Is required In order to make the 
punch line up with the die, which Is keyed In the center of the die 
bed. After clamping the punch back In this position, the blanking part 
of the die nearest the end is scribed on the face of the punch back. 
Do not scribe all the holes and rely upon finding the center ol each 
circle thus scribed with a pair of dividers, and then true up these 
centers on a faceplate In order to get a perfect "line up"; this method 
Increasee the chances of error, especially when there are six or eight 




punches to be set In position. A better way la to scribe one circle as 
stated above, and remove the punch back from the face of the die; 
find the center of the circle Bcrlbed; true up this center, and drill 
and bore out the bole to fit the taper shank of the blanking punch. 

Fig. 15 shows how a punch of this kind Is made. The punch as 
shown Is used with the die shown In Fig. 10. After the bote la bored 
to size, the already flnlsbed blanking punch Is driven In tight in the 
manner ehown. Two narrow parallels say M X \ Inch are now laid 
on the face of the punch back, and the blanking part of the die that 
corresponds with the punch driven in la slipped over the same, until 
' the face of the blanking die rests upon these parallels, after which 
the die ta clamped tightly thereon. The next hole Is now trued up 
with a test Indicator until the hole runs dead true. The die Is then 
removed, and the hole for Ihe taper shank Is worked out, and the 
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puacb driven In. Where there are more punches to be set In, the eame 
method Is used until ther are all in poBltlon. Tble insures a perfect 
line up, proTldlng that ordinary care and precaution has been used 
in doing the work. In boring out these holes It Is beet to use a bol- 
ster having a. dovetail channel, and to hold the punch back in position 
with a kej. This la better than using straps to fasten the punch back 
to the taceplate, as the straps are llkel; to Interfere with the parallels 
and the die, when locating the exact position for the holes to be bored. 

IQ locating the position for the piercing punches, It sometimes hap- 
pens that the holes are so small that they cannot be bored. The holes 
are then transferred by a drill that runs true and is the same size as 
the holes Id the piercing die, the die being used, so to speak, aa a drill 
jig. 

Fig. 15 shows how the piercing punches are held in position. The 
punches are made of drill rod, and are prevented from pushing hack 
by hardened blind screws as shown. If thin, soft. metal is used, the 
method for holding the two pilot pins In position shown In the pre-. 
vlouB chapter may be employed. When the piercing punches are made 
and held in position as shown In Fig. 15, a spring stripper is sometimes 
used, and la fastened to the punch back, and the boles for the piercing 
punches In this stripper are made a sliding Qt, In order to prevent the 
punches from springing or shearing. When the ordinary form of 
stripper la used, the piercing holes are also made a good sliding flt. 



CHAPTER III. 



MAKING BLAKKINa DIES TO CUT STOCK 
BCOffOMIOALLY. 

A most important point for the die-maker to bear In mind in making 
blanking dies for odd shapes is to lay them out so that the minimum 
amount of metal will be converted Into scrap. In fact, hardly too 
much stress can be laid upon this one point alone. It Is an easy mat-, 
ter to waste a conBiderable percentage of the stock by lay-outs which 
may appear to be fairly economical. The die-maker should make B 
careful study of the most economical relation of blanking cuts to one 
another and to the stock. It is the oblect of the present chapter to 
point out by actual examples how stock can be saved which may be 
converted Into scrap If the die-maker is not constantly watching out 
for possible economies. As an illustration, It sometimes happens that 
by laying out the dies so that the blanks are cut from the strip at an 
angle of 45 degrees, as shown In Fig. 17, a considerable economy of 
metal can be effected over a right-angle arrangement, that is, one to ' 
which the dies are set so as to cut the blanks straight across the 
strip. The angular location permits the use of narrower stock and 
materially reduces the amount of scrap metal. Fig. IS shows the 
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plan at the die, and needs little or no explanation, as the manner In 
which It Is laid out 1h obvious; the plan or the strip shown In Fig. 
17 also clearlf Bhows how the die is laid out. 

Another method that Is often used to save metal is that shown In 
FlgB. 19 and 20. This method is used where the required amount 




of hlanks does not warrant the makfng of a double blanking die; also 
when, unavoidably, there Is a considerable amount of stock between 
the blanks after the strip has been run through as shown at A in Fig. 
19. To save this metal the atrip is again run through In a reverse 
order after the manner shown In Fig. 20, thereby using up as much 
of the metal as It Is possible to do. Besides blanking and piercing 




the blank wben running the metal through the first time, the holes 
□umbered 4, 5, and 6, Fig. IS, are also pierced. This Is done for the 
reason that when the melal la run through the second time it pre- 
Tenta cutting of "half blanki" by "running In," or. In other words, the 
liability of cutting Imperfect blanks by cutting Into that part of the 
metal from which blanks have already been cut. This guiding action 
Is effected by three pilot pins In the blanking punch (not shown) 
which engages In the three pierced holes, made when the strip was 
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run throusb tbe first time. The pilot pins engaging with tbe pierced 
holes cause the Becood lot of blanks to be cut centrallr with tbe 
holes, and also to be accuratel? centered between the portions of stock 
from which the blanks have already heen cut. When thla die Is In 




use, the m«tal la run through In the usual way from right to left 
until half of the required amount of blanks are cut, after which the 
piercing punches for the holes w-e taken out and the metal Is run 
through again and the other half of the required amount of blanks 
Is cut. 




In laying out this die, which Is done after the manner shown In Fig. 
28, the line A le used as the center line for tue piercing holes numbered 
1 and 2 in Fig. IS. and the line B is tbe center line of the blanking 
part of the die. The line C 1b the center line that shows the center 
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of tbe next blank to be cut and is laid out 53/64 Inch from the line B 
TblB dimension la flied by the (act that tbe widest part of the 
blank is 26/32 Inch, and the bridge between the blanks la 3/64 
inch, the sum of which equals the distance from center to cen- 
ter of adjacent blanks. The line D Is the center line for the blank 0, 
Fig. 20, which la cut when the metal Is run through the second time, 
and Is made at 0.414 Inch or one-half of 53/64 from the line O, Fig. 
28, Inasmuch as tbe blank Is cut centrally between that part of the 
metal from which the blanks A and B, Fig. 20, are cut. 




Fig. 21 shows a double die for blanking and piercing bra^, pro- 
dudng the shape shown In the sketch at the left; It U laid out bo as 
to save as much of the metal as is practically posalble without added 
expense In so far as the operation of blanking and piercing is con- 
cerned. By referring to Figs. 22 and 23 It can be seen that the strip 
of metal from which the blanks are cut is run through a second time 
for reasons that will be given. One reason is that wider metal can 




t>e used by doing bo, which is Itself Is a saving In so far as the cost 
of metal la concerned. Wide brass can be bought at a lower price per 
pound than narrow brass; the other reason Is that a strip of metal 
1/16 inch wide and as long as the entire length of the strip Is saved 
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OQ every strip that Is run through. If narrow metal were used thero 
would be waste of % Inch of metal (1. e., 1/16 Inch on each Bide) 
of eveiT Btrl]> run through, and on two strips from which do mora 
blanks can be cut than from the wider strip shown In Fig. 23 there 
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would be a. waste of ^ Inch of metal. On tbe other hand, by using 
wide metal the waste would be only 3/16 Inch, .as Indicated In the cut. 
Fig. 29 shows how this die la laid out, and should be sufficiently clear 
to explain Itself. 
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To fully understand the manner In which the metal le gradually 
worked up after each stroke of tbe press, short sections are shown In 
Fig. 25. At the first Stroke four holes are pierced and two plain blanks 
—with no holes— A A are cut out. At tbe second stroke there are 
also four holes pierced and tbe two blanks B B are cut that have the 
holes pierced at the previous stroke. At the third and fourth stnAes 
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tbe holes begin to match Id wltb each other, aa shown, so that wben 
the metal Is run through it will look like the strip shown In Pig. 2%. 
It should be borne in mind that four holes are pierced and two 
blanks are cut at each stroke ol the press; also that the metal is fed 
after each stroke a distance equal to the distance from the center of A 
to the center of S, as indicated in the strip marked "second stroke," 
Fig. ZG, and which Is 26/32 inch (see Pig. 29). By way of farther 
explanation it may not be amiaa to state that the distances from the 
center of A ta B, B to 0, € to S, and D to C, as shown in the strip 
marked "fourth stroke" are each 25/64 inch, or halt of 26/32 Inch. 
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While the dies shown in Figs. 24 and 30 are commonly known, it 
may not be out of place to say a few words with reference to them. 
as they form an important part in tbe economical production of sheet 
metal goods. The first or Fig. 24 shows a die that is used to produce 
from narrow ribbon a long blank with rounded ends and with a bole 
pierced in each end. The principal feature of this style of die is 
that there la very little waste of material In the production of Uke 
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blanks, as will be noted from th« sketch of the scrap punchlngs abown 
at the left, and another feature Is that by the aid of an adjustable 
stop, not shown, almost any length of blank can be made Tlthont al- 
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tering or resetting the tools after they have been set up In the press. 
The working part of the die Is laid out a little to the left of the center 
so as to glTe eufflclent length for the gage plates which are fastened to 
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the die by H-Incb cap-screws. These gage plates are used to keep the 
metal In position while It Is being fed from right to left as the blanks 
are cut from the stijj^ 
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Fig. 30 Is a comblaatlon plcrclag and ebearlDg die and Is used lor 
producing the 1-lnch square washer ehown In the cut. The principal 
feature of this die is that there Is no waste of metal tn producing the 
blank, only, oC course, the 14-lnch round punching taken from the 
center. The strip of metal in this case can be fed from right to left 
or front to back, as preferred. 



CHAPTER IV. 



OONSTRUOTION OF SPLIT DIES. 

A die of great Importance in the production of sheet metal parts is 
the split die. There are two principal reasons for using the split die. 
One Is that It sometimes happens that the blanks to be cut are of 
such a shape that the die can be more quickly and cheaply made by 
making a split die than by making a solid or one-piece die. The otlier 
reason Is that when the required blank must be of accurate dimen- 
sions, and there la a chance ot the solid die warping out of shape in 
hardening, the split die Is preferred because It can be much more 
easily ground or lapped to sbape. 

Pig. 31 shows the manner in which the ordinary split die Is usually 
-made. After the die Is worked out, it Is hardened and ground on the 
top and bottom. The two sides A are then ground at right angles with 
the bottom. 

The cutting parts of the die, B, are next ground at an angle of 114 
degrees with the bottom, so as to give the necessary clearance In order 
that the blanks may readily drop through. The key D Is now set la 
place, and the die is keyed in tbe die bed by the aid of a taper key. 
The key D prevents the die from shifting endwise; the keyway should 
have rounded corners as shown, which not only give added strength. 
but also act as a preventative to cracking In hardening. The last 
operation is to grind the two circular holes. This is done by first 
lightly driving two pieces of brass or steel rod Into the holes until they 
are flush with the face of the die. The exact centers are then laid out 
and spotted with a prick punch, care beiDg taken so as to get the cen- 
ters central with the sides B. The die Is now fastened to the face- 
plate of a universal grinder, and the center mark la trued up with a 
test Indicator until It runs exactly true. The brass rod piece Is then 
driven out, and the hole ground to size, with IVj degree- taper for 
clearance. The other hole Is next ground out In a similar manner, 
which completes the operations In so far as the die Is concerned. It 
often happens with a die of this kind that when it Is placed In the 
die bed and the key driven in place, it will "close In." To overcome 
this, the die is relieved after the manner shown at C, which does not 
in any way prevent It from being securely helUn place when la use. 
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Fig. 26 BhowB a rather uovel form of a split die; this die with a 
Bllgbt change practically takes the place of two dies. It Is used for 
piercing slots Id brass plates. The size of the slot for one style of 
plate Is i% iDchea long by 14 Inch wide; for the other plate the slot 
Is 4 Inches long by 5-16 Inch wide. The cutting part of the die, shown 
In Fig. 26, Is made In four sections, A. B, C. D. The cut fully explains 
itself and therefore needs no detailed explanation. It may not be 
out of place, however, to say that the soft steel bushings, as shown, 
are used to allow for the contortion of the parts A and B In hardening. 
It may be added that the four bushings shown In the piece A were 
driven In first; then solid pieces were driven In the part B; then the 
holes were drilled In these latter pieces, being transferred from the 
bushings In the part A.. In Fig. 26 are also shown the parts used In 
connection with this die for piercing the 4 x 5-16 Inch slot These parts 
are made ae shown, and are hardened only at the cutting ends. Out- 
side of the fact that this style of die practically tafces the place of 




two dies, there Is still another feature In connection with It that will 
bear mentioning; there Is no special or extra die bed required for this 
die when In use. 

It may not be amiss at this time to say a few words with reference 
to die beds. (In some shops this part is called bolster, die block or 
die holder.) Perhaps the most commonly used and the best die 
bed for general use In the press room Is the style of bed shown 
In Fig. 32. This die bed la principally used for the reason that the 
screws that fasten the die bed to the bed of the press do not have to be 
screwed entirely out, either in placing the die bed in the press or In 
taking it out, as the slots C and D are made at right angles with each 
other tor Just this reason. 

The dovetail channel is planed so that when the die is keyed In po- 
sition the center of the die Is central with the slot C. The side of the 
die bed marked A Is planed at an angle of 10 degrees, and Is parallel 
with the slot C. The side marked B Is planed at an angle of 13 de- 
grees and is at an angle of 1 degree with the ceuterllne. The reason 
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lor plaaiDg thlB side to an angle of 13 degrees instead of ten Is that 
tlie Increased angle causes the die to He flat, and prerenta U from 
raising or tilting up in any way when the key la driven in. 

In speaking of the key. It may well bo added here that the taper-key 
method of holding blanking dies In the die bed Is the best of the varl- 
OUB methods which are generally used. The set-screw method Is doubt- 
less the poorest of all. The key aa shown in Fig. 32 Is driven In 
on the front side o( the die bed. This Is optional, however, as the 
practice differs. In some shops the key is driven in on the front side 
while in others It Is driven in on the back. 

Of late years there has been a tendency among large concerns to 
have all their die beds for the power press made from semi-steel cast- 
ings, or of machine steel tor certain classes of heavy work, Instead 
of from gray Iron as heretofore. This Is being done because a gray 
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iron bed that Is uEed day after day for holding dies for cutting heavy 
metal will not stand up during long and hard usage as It should. Past 
experience has proven that gray Iron die beds In time become out of 
square; then, again, they sometimes crack. With the semi-steel, or 
the soft steel die bed. this does not happen. It has been found that 
semi-steel and machine steel die beds pay for themselves many times 

In planing up the stock from which the blanking dies are sawed oft 
before they are worked out, a gage similar to the one shown in Fig, 
27 should be used for planing up the different widths of dies. In this 
way the dies will be of a uniform width and thickness, which makes 
it possible to have them interchangeable with the respective die beds 
for which they are used. 
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CHAPTER V. 

NOVEL IDEAS IN DIE MAEINa. 

A few years ago, what la now the Providence Mfg. 4 Tool Co., of 
Providence, R, I„ began the manufacture of a mechanical accountant, 
the Invention of Mr. Turck, the present superintendent of the shop. 
Mr. Turck'a experience, so far aa shop work and tool design ie con- 
cerned, had not been In the direction of die-making, so that In equip- 
ping the new plant (or the manufacture o( Lbe accounting machine he 
was at first hampered by his lack of knowledge on tils subject. The 
die work redulred was of a high order. The construction of machines 
of this type ie often such that errors are cumulative. Several similar 
parts are used, attached to each other in series, tor Instance, In such 
a way that If the holes by which they are riveted to each other are 
slightly wrong in their dimensions, the error will be multiplied by 
the number of parts. The machine depends (or Its operation quite 
largely on. the action of pawls upon fine ratchet teeth, and on the 
meshing of Qne pitched gears and toothed segments with each other. 
The effect of cumulative errors In such circumstances would he to 
throw these Qne pitched ratchets and gears out of step, and make the 
operation of the machine Impossible. Long leverages are also a dis- 
turbing factor. When a long, slender member Is located by two 
rivet boles close together, It talies careful work In punching those 
rivet holes to bring the parts Into alignment. In the tollowing some 
very Interestiug tools, used mainly for blanklug purposes, but also 
for bending and other operations ntcessary to complete the product, 
are shown. 

In the halftone in Fig. 33 are shown a number of press-made parts. 
Some of these are interesting In themselves, while others are remark- 
able priacipally for the methods used In producing them. Part No. 
12, tor instance. !s a very simple piece, but the punch and die used in 
piercing the holes, while not unusual so far as surface appearances go, 
will serve well to Illustrate some of the original practices of this shop. 
This punch and die. shown in Fig. 35. perform the simple operation 
of punching the nineteen small holes in the blank, which is located 
over die A by the carefully fitted aperture in jacket B. The punch 
Is composed of a body C, a cast-iron holding plate D In which the small 
punches E are driven, a stripping plate F, held as shown, and forced 
outward by the compressed rectangular ring G ot rubber behind it. 
The Oonstruction of a PlerolnB' Punch with a Novel Stripper Piste. 

The making of this punch and file [ollows, In general, the order 
given below. Stripper F IB first made ot tool steel. The holes for the 
dowels H are next drilled. Then the holes through which punches E 
pass are laid out from model or drawing, as the case may require, and 
drilled to a larger diameter than the punches which are to pass through 
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Uiem. After tbese holes have been drilled, the plate ta hardened and 
ground, and Uie holes for the punches are filled up again \>j driving 
Into them plugs of tool steel wire, of suitable size. The location of 
these holes la now laid out again on plate F, and this time very care- 
tallr; then they are finished to the exact size, or Bllghtly below, if 
they are to be lapped. Since the body of the plate Is hard, it cannot 
cave in or wear ae it would If left eoft. A full bearing on the stock 
to be blanKed Is abeolutely necessary It tUe work is to M well done. 
The plugs allow the plunger boles to be located after the hardening 
of plate F, thereby preventing displacement from the heat treatment. 
To the stripper plate are now riveted the four dowels B, which enter 
holes Id the stripper rim or "collet" i, and locate the plate. Small 
round-headed setscrews bear on pins H and hold F and / together. 
Punch holder D, of cast iron. Is mnchined to fit closely la collet J. and 
the holes for the punches are transferred to It from stripper plate F. 
The punches E, made of tool steel wire, are now driven into the 
holder, headed over at the back side, and ground flush. The punches 
may then be hardened In the usual manner. Before being assembled 
on the punch body C with the rubber spring (?, a hardened steel back- 
ing K is inserted between D and C to take the thrust ot the hardened 
punches. 

The rubber spring O Is cut from sheet stock and may be made either 
from separate strips built up on each of the four sides of the punch, or 
from rectangular rings, If that can be done without wasting the 
stock. Screws L are adjusted to bring the face of the stripper flush 
with the faces of the punches, after which headless setscrews If are 
screwed in to make the adjustment permanent. Screws L may then 
be taken out and replaced .without losing the adjustment. The punch 
holders and pad K are held to the holder by screws S and dowels O. 

A Plercliig' Die with Inserted Tool Bteei Flutra tOr OutUnff Bdses. 

The body A ot the die is made of soft steel or cast Iron. In this 
body are driven standard taper plugs ot tool steel of suitable size, and 
BO arranged as to be in position to furnish a tool steel material tor 
all the actual cutting surfaces of the die. In the case shown In Fig. 
35, nine of these pings are used, carrying from one to three holes 
each. In making the recesses tor these plugs standard tools are used. 
The Beats are flret drilled nearly to size, and then finished with a 
taj^red end mill or counterbore, which Is kept carefully ground ta 
the proper dimensions, bo that when the plug Is driven In until 
it binds tightly on the taper, it will also seat on the bottom. These 
various plugs P are prevented from turning In the holes by dowel 
pins Q, in most cases, or, where the plugs run Into each other (as shown 
In two cases In the die here described), by the interlocking of the 
flat abutting surfaces. These precautions make It possible to remove 
the plugs at any time and return them accurately to their original 
positions. 

The die plate A having been fltted with Its plugs as described, the 
holes In Btrlpper plate F are now transferred to It by any suitable 
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means, all these holes being received In the tool steel plugs as ex- 
plained. The plugs may now be removed, to be hardened and lapped 
separately. The clearance holes for the Bcrap are drilled, and the 
plugs are returned to their proper places. The Jacket B, which lo- 
cates the blank on the die, may. It desired, be punched from stock 
o[.sultable thickness by the blanking die used for making the blank 
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to be operated on in this piercing die. The edges of the opening are 
then merely flled enough to allow the work to enter and be withdrawn 
easily. A slanting groove, as shown at a. Is cut with a round flle into 
the Jacket at one end to permit the insertion of a pick or awl to re- 
move the work. 

The points of interest In this die are: The rubber-backed stripper 
plate; the use oC a soft stripper plate bushed In the manner described 
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with hardened tool Bteel; and the Insertion of plugs ol tool steel in 
a soft die block to form the cutting edges of the die. 

The rubber spring has proven very aatlsfactory. It will last for a 
number of years in dies baving ordinary use, if it is not exposed to 
oil and other deteriorating Influences. Being In the upper member, 
there Is little likelihood of its being spoiled in this way. The use 
of this stiffly spring-supported stripper plate givea a punch and die 
of the design shown all the advantages of a Bub-press, so far as con- 
cerns the ability to punch small holes la thick material and leave 
thin walls of metal between open spaces in the punching. As evi- 
dence of the ability to do work of tliis kind with a punch and die of the 
style Just described, parts 7 and 10 In Fig. 33 may be particularly 
noted. Here the holes are considerably smaller in diameter titan the 
thickness of the stock, and tlie Internal spaces have been punched so 
close to the edge. In places, that the remaining section Is narrower 
than it is thick. 

The method of bushing the stripper plate by drilling the holes large 
originally, plugging them with tool sLeel wire after hardening, and 
redrilltng them to the proper size, makes it possible to harden the sur- 
facea in contact with the work, without distortion of the dimensions 
between the boles. Plates of large size, even, are made In this way. 

The advantage claimed for the method by which the stripper plate 
Is made may also be claimed for the use of hardened plugs in a soft 
die body, since It is possible to harden these parts individually with- 
cut changing their location with reference to each other. In addition, 
botb of these schemes allow changes to be made in the dies with a 
minimum of trouble and expense. If it is desired to change the loca- 
tion of a hole In the die, the old plug may be removed and a new 
one Inserted. In the same manner, new holes may be drilled In the 
stripper plate in which new tool steel wire plugs may be driven for 
new guiding holes for the punches, although the change is limited 
by the size of the plugs. This consideration is of considerable Im- 
portance If the parts manufactured are subject to improvement from 
time to time. This provision reduces the expense of spoiled work as 
well, since it is not necessary to throw away an expensive press tool 
if one or two of the holes are wrongly located. 

Eubber-baoked vs. Sub-presB Dies. 
It will be noted that part No. 12 In Fig. 33 (for which the pnncb 
and die just described were designed) Is made In three operations. 
Under ordinary conditions, experience seems to indicate that this pro- 
cedure is preferable to the use of the sub-press. The rubber spring 
supported stripper plate, as Just described, gives all the advantages 
of the sub-press, so far as ability to do flne work on thick stock is 
concerned. Slender punchea are supported by the stripper in the same 
way as in the sub-press; the rubber spring holds the stripper so 
firmly onto the work that the distortion of thin stock is prevented. The 
sub-press certainly has the advantage of ease of setting In the ma- 
chine, since It is not necessary to carefully line up and punch and die. 
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which are in permanent alignment. It is poealble, however, that the 
high Initial coat of the sub-presa would in man; cases more than pay 
for the extra wages of an experienced and careful man In setting up 
tools during the tltetlme of the punch and die. It must also be ad- 
mitted that work cannot be done as rapidly with the three seta of tools 
necessary tor mablng the piece In the manner here described, as 
would be possible if a sub-press were used. The saving In first cost, 
however, and In the cost of subsequent operations, is believed to be 
sufficient In the case of the Providence Mfg. ft Tool Co. to show a 
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balance on the right side of the sheet for the simpler form of press 
tool. It should be said in this connection that this firm freely makes 
and uses the sub-press die. 

The Thickening of Oorners Drawn Out Id Blanklns. 
An operation of particularly great interest is a coining process used 
tor reshaping the points of gears, ratchets, etc.— such parts, tor in- 
stance, as are shown in samples 4 and 6. In such a piece as No. 4, 
whatever the design of the die, the blank produced will be found to 
have the points drawn down thinner than the stock tblcknesB. To 
bring the part back to uniform thichneee with sharp points, the de- 
vice shown In Fig. 3S la used. Mere we have an attachment to a 
band screw press. The body A is fastened to the bed of the press. 
The screw B projects through the bed and carries at Its lower end a 
handle C, which is adjusted to one side or the other to bring It In 
position to be swung by the toot of the operator. In a counterbore 
in body A la seated the plug D and the ejector E. D and E are forced 
upward by the action of screw B. At f la a die, given the shape de- ', 
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sired for the outline ot the flalshed part; It Is sltghtljr eQlarged, how- 
ever, for a short distance at Its upper end. The part aa It leaves the 
blauklDg press Is purposely made a llLtle large In outline at the potaits 
where the thinning occurs, due to the drawing out of the stock. When 
the piece la Inserted by the operator In the upper end ol this tapering 
die, the extra metal thus provided Is forced Inward to thicken the 
points to the required amount as the pnncb is brought down upon 
the work by the band ot tbe operator. When the piece has been forced 
to tbe bottom, It Is clamped between tbe plane snrfaces of ejector B 




and tbe punch above It (not shown), and the metal Is forced to flow 
to that part of the blank where It Is most needed. Tbe reeult ie a 
flat ratchet with plane faces and uniform thickness. It will be under- 
stood, of course, that during this coining operation ejector E and plug 
D seat In the counterbore In body A, screw B being lowered out ot 
contact. A push of the operator's foot on handle brings the ejector 
up again until the piece Is forced out ot the die. The thread of the 
screw la ot such a steep pitch that the screw will return again by Its 
own weight. 

The comparative slowness of operation resulting from the use of 
a hand and toot power press and hand feeding Is, In a measure, char- 
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acterlatic of this sbop. It Is the belleC of the superintendent that 
better results can be obtained at times by methods like that shown 
thas by more "modern" ones. The aim is. through careful workman- 
ship and carelul inspection, to have the parts so nearly right when 
assembling time comes, that no fitting will need to be done Id the 
assembled machines. No fitting is. In fact, allowed. Certainly the 
method described for striking up the comers of these ratchets Is a 
much less dangerous one than would be the case If a power press were 
need, so Che Idea has Its advantages, so far as safety Is concerned, at 

A Typical SbaTlng Dl*. 

In such parts as are shown at 3 and H In Fig. 33. the ratchet teeth 

and gear teeth are only roughed out In the blanking die, being finished 

by a second cut or "shaving" process. A t.vplcal die and punch tor 
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thls operation are shown In Fig. 37. Here, as In Fig. 35, the work 
Is held by a rubber spring backing while the punch Is at work. The 
die la made of a soft body A, in which le inserted the hardened piece 
B carrying the cutting edges which are to form the ratchet teeth on 
the work. This piece B has its teeth cut on It In the milling machine, 
the bole at a serving to center the piece for this operation. This gives 
assurance that the teeth will be properly spaced, and cut accurately 
to the proper radius. A rectangular opening with carefully machined 
sides is made through the die block A. into this opening the toothed 
cutting edges of piece B project. As in Fig. 35, a "Jacket" C Is pro- 
vided for locating the work over the cutting die. The punch D Is set 
into a bolder E. which In turn Is fastened In the ram of the machine. 
A projecting guiding surface, 6, on the punch, enters the rectangular 
opening In the die and bears aeainst It on the back and sides. This 
keeps the cutting surface of the punch up to its work against the 
nutting edge of the die. As shown, the cutting edge of the punch Is 
beveled. This gives a slight top rake to the edge, and produces a 
shearing cut as well, the outer corners coming Into action before "the 1 
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center of the outline reaches the Block. The rubber Bprlng backing 
at F 1b held by screw a between the pressure block H and the punch 
bolder E. It performB the same functions at the stripper plate iu the 
other die. 

Bending Pvinchlngs to Provide Double Bearlnsa. 
It win be noticed that samples 1, 5 and 8 In Fig. 33 have been made 
on the principle of bending the punchlngs to give a double bearing at 
pivotal points, the long bearing insuring lateral steadiness of the 
part without making it necessary to resort to the use of casttngB with 
long hube. This principle 1b carried out tl;roitgbout the calculating 
machine which Is this firm's principal product. In some cases, espe- 



cially where the pfvot holes are punched previous to bending, as Is 
the case In sample S, very accurate work must be done In tbe bend- 
ing to bring the part to exactly the right form. In the sample referred 
to, for Instance, the ratchet teeth on one side and the gear teeth on the 
other must bear a definite relation to each other, and to the axis 
about which the part rotates. The bending tools by which the form- 
ing operation Is performed for this part are shown In the halftones 
in Figs. 38 and 39 and the line cut FIr. 40. Referring to FIr. 40, the 
blank for part 8 (shown at No. 3 In Fig. 33 before the piercing of the 
' pivot holes) Is laid on top of former A. where It la located by the 
pins BB which enter the pivot holea. In this position the part lies 
between the fixed jaw C and the movable Jaw D, which are then 
clamped together on the blank by bringing handle E to the position 
shown, where Us wedge-shaped cam surface b has entered between the 
long ends of the Jaws D and C. and brought the outer ends together. 
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The JawB D and O and lever E arc all attached to the bolder F, wblcb 
le a sliding fit on three vertical posts O, fast to tbe base H of tbe fix- 
ture. Slide F Is held to the upper extreme of Its travel ai^DSt tbe 
lock nuts and washers at the top of posts O by spiral springe / at each 
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post. These parts are sbown to good advantage In the halftone. Fig. 
38: K \6 a plunger mounted In the ram of the press. It hears on fin- 
iBbed projections on elide F at three points as shown, while the hard- 
ened part L bears on tbe top of lever D, directly over the work. Wben 
E and L strike elide F and lever D in their descent, they carry with it 
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the slide and Its attached levera, and the work as well, against the 
Blight resietance ot sprlngB J. The work grasped between the levers 
is thus carried down through the opening In die A. This action 
serves to bend the part to the form desired. Fig. 39 shows the oper- 
ation completed. As shown, this work Is done In a haDd screw press. 
This la another example of manufacturing methodB which at first 
sight seem rather crude, but which have proved. In the opinion 'Ot 
tlie superintendent of this shop, to be most satisfactory, hla contention 
of greater accuracy and more uniform results from euch methods 
applying particularly In the case of forming operations of this kind. 
The piece is ejected from the tool at the completion of the bending 
by lever Jf, which thnists forward the ejector N. This ejector Is at 
Its working end sllgbtly less In thickness than the stock ot the punch- 
ing operated on, and Is thus able lo enter freely between tbe Jaws 
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and eject the work. In this tool, members A, C and D are changed tor 
different parts, the rest ot tbe structure being the same, and serving 
tor a number of different operations. 

A Die for Double Punching. 

In the case Just described, where double bearings occur, the holee 
are puncbed before bending. This Is not always the case, however. 
In samples 1 and 5 In Fig. 33, the parts are first bent and then 
punched, the operation being performed In a very Interesting way. 
The pnncb descends and makes tbe bole in the upper thickness of 
tbe stock. Continuing through an Intermediate die, and carrying 
before It tbe punched-out stock. It arrives at the second or lower 
tbtckness of stock. The continued movement of the punch then presses 
the little plug of punched-out metal through the lower thlcknesB of 
stock, and this forms the second hole. Strange to say, it has been 
found In practice that this second hole Is generally the better one 
of the two, even though It Is made with a soft plug of steel Instead 
of with a hardened punch. 

The line cut Fig. 34 and the halftone Pig. 41 show the double punch- 
ing tools used In making the pivot holes in sample 1, Fig. 33. This, It 
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will be seen, 1b a progreselve operatioD, all the parts In the lot being 
punched for one of the holes, after which the die Is altered and the 
next hole In order Is punched In all parts — and so on. The piece 
to be operated on Is located lengthwise by slipping It over a gage 
pin In Eliding block A, which may be adjusted to any position on 
slide B to suit the hole It Is dealred to punch at the time Being lo- 
cated on block A in the manner described. It Is swung around until 
the Intermediate die C enters the channel formed, by the two sides of 
the work. Cam lever D Is then swung to the position shown in the 
line cut, where It has brought clamp lever E against the stock, hold- 
ing It firmly In position Cor the operation. The punch F la a simple 
turned piece of hardened steel, held by a taper pin In punch holder O. 
It Is surrounded by a stripper H which Is screwed to a holder J', backed 
by the usual rubber spring at K. This serves to hold the work firmly 
during the operation, and strip the work from the punch when it re- 
turns to ItA upward position. As before described, the pnnch In Its 
descent breaks through the upper thickness of stock, carries the plug 
of soft metal thus formed before it until tt comes In contact with the 
lower thickness, where It forces the plug through, and forms the 
lower hole. It will be noticed that Intermediate die C, though held 
firmly so far as displacement horizontally In any direction Is con- 
cerned. Is yet provided with a rocking face where It bears on the body 
of the die L. This arrangement takes the strain of the punching from 
the slender Intermediate die, which Is thus bent downward until it Is 
firmly supported by the stock of the part being worked on beneath It. 
For removing the work after the operation, an ejector M Is provided, 
with a handle N, which operates In a way which will be easily under- 
stood from an Inspection of Fig. 41. It Is not shown In Fig. 34, having 
been added at a date later than that of the drawing from which this 
cut was made. 

Procttoe in Horde niner Punches, Btc. 
Blanking punches are hardened in this shop In a way that In orig- 
inated here and not practiced elsewhere, at least not to any great ex- 
tent. After the blanking punch has been cut into the female por- 
tion ol the die, and finished ready for hardenlug. It Is placed In the 
fire and brought to a slightly lower heat than ordinarily used for 
hardening clear through. Cyanide Is then deposited on the parts of 
the tool to be hardened — that is, on the periphery of the cutting edge. 
It Is allowed to "soak In," It sometimes being necessary to apply 
cyanide two or three times, depending on the size and bulk of the 
punch. It is then again brought to the proper heat, which should be 
a little lower than Is ordinarily used for hardening clear through. 
Then it is quenched In oil. With large and bulky pieces It Is first 
necessary to Immerse the work In water as a preliminary cooling 
operation. This Immersion should merely be a dash Into the water 
and out again, after which the piece Is put into the oil until cooled. 



D.qit.zeaOvGoOt^lc 



No, 10. Examples of Machine Shop Pbactice. — Three chapters oc Cut- 
ting Bevel Gears with a Rotary Cutter, Spindle. Construction, and the Making 
of a Worm-Gear. The descriptions of the operations are profusely Illustrated, 
demonstrating the value of the camera for telling the story of machine shop 
work, and for graphic instructions in the methods of machine shop practice. 

No. 11. Be A B INC s.— Design of Bearings, Hot Bearings, Oil Grooves and 
Fitting of Bearings, Lubrication and Lubricants, and Ball Bearings. 

No. 12. Mathematical pHiNt'irtcs of Machine Desiom. — The matter pre- 
sented is almost entirely the work of Mr. C. F. Blake, a name very familiar to 
the readers of AIaciiineby. Draftsmen and deelgners will find the chapters on 
the Efficiency ot Mechanisms and Notes en Design full of valuable suggestions. 

No. 13. BLAfiKiNQ Digs. — Contains chapters dealing with Blanking Dies In 
general, the Design of Dies for Cutting Stock Economically, Split Dies, and 
General Notes on Die Making. 

No. 14. Details op Machine Tool Design. — Contains chapters on the deter- 
mination of the Diameters of Cone Pulleys, the Relation between Cone Pulleys 
and Belts, the Strength of Countershafts, and Tumbler Gear Design. 

No. 15. Spur Qeabing. — Contains chapters on the First Principles of the 
Action of Gears, the Arithmetic ol Spur Gearing, Formulas for the Strength 'of 
Gear Teeth, and the Variation of the Strength of Gear Teeth with the Velocity. 

No. 16. Machine Tool Dbives. — Contains chapters on the Speeds and 
Feeds of Machine Tools; Machine Tool Drives; Single Pulley Drives; and^ 
Drives for High Speed Cutting Tools. 

No. 17. Steength op Cvlikdebb. — Deals with the subject of strength of 
cylinders against Internal hydraulic or steam pressure. Formulas, tables and 
diagrams are given to facilitate the design ot such cylinders. 

No. 18. AarniMETic for the Machinist. — Among the various subjects 
treated are the following: The Figuring of Change Gears; Indexing Movements 
for the Milling Machine; Diameters of Forming Tools; and the Turning ot 
Tapers. Simple directions are given for the use of tables of sines and tangents. 

No. 19. Usp. OF FoHsnTLAS IS MEniASiCK.^Tbis pamphlet Is adapted for the 
man who lacks a fundamental knowledge of mathematics. It opens with a 
chapter on mechanical reading in general, and proceeds to explain thoroughly 
the use of formulas and their application to general mechanical subjects. 

No. 20. Spibal GEAniSQ. — A simple, but complete, treatment of the subject, 
from a practical point of view, giving directions for calculating and cutting 
helical, or, as they are commonly called, spiral gears. 

Lack of apace prevents a description of the following very useful and in- 
teresting pamphlets: — 

No. 21. Measuhino Tools. — No. 22. Calculations of Elements of Ma- 
cntsE Desion. — No. 23. The Tubobt of Chase Design.— No. 24. Examples of 
Calculatino Desions. 

O THER PA UPHLE TS IN THE SERIES WILL BE ANNO UNCBD IN MA CHINER Y 
PROM TIME TO TIME. 

The Industrial Press, PubliEthers of Macgineby, 
40-66 lia&yette Street, New York City, U. 8. A. 
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The present treatise Is one unit In a comprchenalve eeriea of Inexpensive 
reference pamphlets, broadly planned to present the very best that has been 
published on machine design, construction and operation, collected from 
Machinest, classlfled aTid carefully edited by. Maciiikeht's ataff. The tttles 
of twenty-four of these pamphlets, with an outline of the contents of each, 
will be found below. Each pamphlet measures about 6x9 Inches, standard 
size, will contain from 32 to 48 pages, depending upon the amount of apace re- 
quired to adequately cover Its subject, and la printed with wide margins to 
allow for binding In sets If desired. 

The price is 25 cents for each pamphlet to «u6scri6ers for Macuiseet, and 
the pamphlets can be obtained by new subscribers on very favorable terms in 
accordance with special offers. For information in regard to these offers, 
addre»: The luduetrlal Press. 49-G5 Lafayette St., New York City, U. S. A. 

CONTENTS OP PAMPHLETS. 

No. 1. Worm Ge a Kisn.— Contains chapters on Calculating the Dimensions 
of Worm Gearing; Hobs for Worm-Gears; Suggested Refinement in the Hobblng 
of Woim-Wheels; The Location o! the Pitch Circle in Worm Gearing; The De- 
sign of Self -locking Worm Gearing. 

No. 3. Draftino-boom Practice. — A valuable treatise on current drafting- 
room practice, with descriptions ot card Indexing systems for Jobbing and 
repair shops, and other plants having a. large variety ot work. A treatise Is 
included on tracing, lettering and mounting drawings. 

No. 3. Drill Jiob- — The first chapter contains an elementary treatise on 
the principles of drill Jigs, followed by a description of an original method of 
drilling Jig plates. Another chapter describes a great variety of designs of 
drill jlga, taken from actual practice. In order to adequately cover this Im- 
portant subject. It was necessary to make this pamphlet B4 pages. 

No, 4. MiLLiso PisTURBS.— A thorough treatment of the principles of the 
design ot fixtures Cor the milling machine, together with a large collection ot 
examples of milling fixture designs, taken from practice. 

No. 5. First Pbisciples of TiiEOBEricAL MEcnAKice. — Introduces practi- 
cally all the matter treated In large works on theoretical mechanics, presented 
for the practical man In a way that does not require any great amount ot 
mathematical knowledge. 

No. 6. Punch and Dek Work.— A general treatise on the making and use 
of punches and dies, giving a variety of examples from actual practice. 

No, 7. Lathe and Planee Tools. — A treatise on cutting tools tor the lathe 
and planer; boring tools; straight and circular forming tools, etc. 

Na. 8, WoRKiNO Drawinos asu Dhaftisci-room Kinks. — This pamphlet Is 
particularly devoted to principles of making working drawings for the shop; 
gives concise Instructions and suggesttons tor draftsmen; and contains a large 
selection ot drafting-room kinks of all kinds. 

No. 9. Desiomso asd Cutting Cajis.— A general treatise on the Draftli^ 
of Cams, followed by chapters on Cam Curves, the Effect of Changing the Loca- 
tion of Cam Roller, Notes on Cam Design, the Making of Master Cams, etc 
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BLBMENTART PBINOIPIiES OF OOHE PULLBYS 
AND BELTS. 

ETflryone knowB that cone putlejB are usually made with regular 
steps; that Is, If It Is one Inch from one step to the next, it Is also 
one Inch from the next to Its next, and BO on, the reason being that 
when the (enters of the shafts on which the cones run are a fair dis- 
tance apart, the belt will pass very nearly ha!f way around that part of 
each cooe on which It Is ninnlng, and the length of the belt will con- 
sequently be approximately equal to twice the distance between the 
shafts, added to half the circumference of the grade of one of the 
cones on which It Is running, and half the circumference of the grade 
of the other cone on which It is running. As the steps are even, the 
half circumference of any two grades of each cone will, when added 
together, produce the same result. For example, if we had two cones, 
the diameters of the several grades of which were S, S, 10 and 12 
Inches, It Is evident that the sum of half the dlameten taken anywhere 
along the conee, as they would be set up for work, would In every case 
be the same; and If the diameters are the same. It follows that the 
circumference must also be the same, and, of course, that bait the 
circumference must be the same, bo that when the centers of the shafts 
are a fair distance apart, and the difference between the largest and 
smallest step of the cone not too great, the same belt will mn equally 
well anywhere on the cone, because It runs so near half way around 
each grade of the two cones on which It Is running, that the slight 
difference Is within the practical limit of the stretch of the belt 

But when the shafts are near together, and when the difference 
between the largest and smallest step of the cone Is considerable, the 
belt Is not elastic enough to make up this difference. Fig. 1 shows a 
three-step cone, the grades being 4, 18, and 32 Inches diameter, 
respectively, each being 14 Inches on the diameter different from the 
next, and the step being therefore half of 14 Inches, that Is, 7 Inches 
In each case. Of course, it Is not likely tbat such a cone as this would 
be made for practical use, hut It Is well to go to extremes when look- 
ing for a principle. Now, It Is evident that two conse, even If like the 
one shown In the cut, were set up far enough apart, they would still 
allow the belt to run very nearly half way around each grade of the 
two cones, the angularity of the belt would be slight, and the length 
of belt would therefore still be as mentlooed above. 

But (again taking an extreme case) by reference to Fig. 2, which Is 
intended to represent a belt running from the largest grade of one cone 
to the smallest grade of the other cone, we see tbat the belt runs 
three quarters of the way around the large pulley, and only one quarter 
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of the way around the Boiall one, the diBtance between the Bhafts in 

thte case being 19% inches. 

The length of this be:t will evidently be equal to three quarters of 
the distance around the large pulley, plus one quarter the dietanra 
around the small pulley, plus the distances A and B, which we find to 
be each 14 inches. The circumference of a 32-lnch diameter pulley 
1b 1001^ tnches, and the circumference of a 4-Inch' diameter pulley is 
12^ Inches (near enough for cur present purptne); three quarters Of 
100^ is 76%, and one quarter of 12^ is ■£%; the length of a belt, then, 
to go around a 4-inch pulley and a 32-inch pulley, running at a dis- 
tance of 19% inches apart. Is 75% plus 3i^ plus 14 plus 14; total, 1M<^ 
inches. 

Now, let us take the middle cone, when the belt Is running on two 
pul'cys, both IS Inches diameter (see Fig. 3). and, of course, the same 
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distance apart as before. The circumference of an 18-inch pnllejr Is 
56^ Inches, and half the circumference of two IS-lncb pulleys Is evi- 
dently the same as the whole circumference of one 18-inch pulley; 
the length of belt in tbts case will then evidently be H% plus 19-% 
plus 19%; total, 96 Inches, It la therefore evident that a belt long 
enough to run on a 4- and 32-Inch pulley, 19% Inches apart, Is 10^ 
inches too long to run on two 18-lnch pulleys 19% Inches apart, and. 
of course, it is therefore lO'A inches too long to run on the middle 
grades of such a cone as we have In consideration. 

The thing to do, then, la to make the middle grades of these cones 
(or the two 18-inch pulleys) enough larger than 18 Inches diameter 
to just take up thla lOy, Inches of belt, and If this were the only 
case ne had to deal with. It would be very easy to settle It by saying 
that as half the circumference of two IS-lnch pulleys Is the same as 
the whole circumference of one 18-lnch pulli^y, we should make the two 
18-Inch pulleys enough larger In diameter to mahe an additional cli^ 
cumterence of 10^ inches; and as 3% Inches is nearly the diameter of 
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K lO^-tnch circumference pulley, by making tbe middle ot both conea 
18 pluB 3% lacheB diameter (that iB, 21% Inctiee diameter) our trouble 
would be ended tn this particular case. It is eaay enoueh to see, by 
looking at Fig. 2, that the belt being obliged to go three quarters of 
*the vay around the large pulley, Is what makes It so much too long 
to go around the two middle pulleys, where, of course. It-goes but half 
way around each. But, of course, what we want Is some way of cal- 
culating the dlametera to turn any pair of cones, running at any dis- 
tance apart. 

If we were to draw these same 32- and 4-lnch pulleys twice 19% 
Inches apart, and then three times 19% inches apart, and so on, until 
we got them far enough apart so that the belt would practically run 
half way around each, and should calculate the diameter ol tbe middle 
grade of the cone to fit each distance, we would probably formulate 
a rule that would work for any distance apart, with this particular 
cone; but as It Is evident that the further apart the coneaare to nm, 
the nearer to the nominal diameter of IS Inches must the middle ot 
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the cones be turned, so also must it be evident that the less difference 
between the largest and smallest diameter of the cone, the less must 
also be the excess over nominal diameter of the middle of the cones. 

Any method, then, of calculating such problems must take both of 
these things Into consideration. The nominal diameter of the middle 
of any cone will be equal to half the sum ot the diameters of the 
largest and smallest part respectively. This Is almost self-evident, and 
no proof of It Is necessary In this connection. What we want, then. Is 
some way to find out how much larger than the nominal diameter to 
turn any one cone or cones to fit the conditions under which they are 
to run. The following formula Is the result of a thorough investiga- 
tion of this subject by Prof. Rankine, and has proved Itself to be prac- 
tically correct In the shop, as well as satisfactory to those mathemati- 
cians who are competent to criticise it. This formula is: 
«, + «■ (B,— K,)' 
R = + . 

2 ZirO 

This formula translated Into plain English means that the radius 
of the center of a cone will be equal to the radius of the smallest 
part, added to the radius of the largest part, and this sum divided by 3, 
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and added to this the dlCerence In radii between tbe largest and 
smallest part squared, and tben divided by twice tbe center distance 
between the cones multiplied by 3.1416. That Is, tbe first half of the 
lormula gives the r&dlus at the center of a cone, when the largest and 
smallest radii are known, and, of course. If the middle radius Is equal 
to the smallest radius added to the largest radius and the sum divided 
by 2, It toIIowH that the middle diameter Is equal to halt the sum of 
the diameters of the largest and smallest part, respectively, as men- 
tioned above. The second part of the formula allows us to calculate 
liow much larger than this nominal diameter to make the middle of a 
cone, no matter what the size or center distance. 

Applying this formula to the case of tbe cones shown In Figs. 1. 2 
and 3, we find the radius of the middle of the cone to be 10 6/10 inches, 
or, what Is the Bame thing, the diameter to be 21 2/10 Inches, which. 
In view of the extreme case In con aide ration. Is very near the flrat 
I'csult obtained (21%), and shows that tbe formula Is perfectly safe in 
any case likely to occur In practice. 

When this formula Is reduced so as to express the numerical value 
ot dlametera instead at radii, it takes tbe following form: 
D + d (D — d)' 

Diameter at center of cone ^ 1 , 

2 12^(7 

the 12>^ being the nearest value in plain and easy figures to which 
tbe quantity containing r in the original formula can be reduced. 

Applying this simplified formula to the cone which we have been 
considering. It will be found that tbe middle diameter Is 21 2/10, tbe 
same as by the original Ranklne formula. 

If a cone has five steps Instead of three. It will be practically correct 
to add half as much to the nominal diameters of the second and fourth 
grades as was added to the middle grade, or. If it has tour grades, 
add two-thirds ot what Is Found by the calculation to the second and 
third grades (as there is evidently no middle grade). If more than 
tour or five grades, add to each grade according to the same principle. 

We have so far been -considering two similar cones, but It often 
happens that one cone is larger than the other. In such case the 
problem becomes a little longer to work, and the length of belt neces- 
sary to go around each pair of steps of the cones must be used to find 
the diameters; that is, starting with one end ot the cone, find tbe 
length ot belt, and then calculate bow much larger or smaller (as the 
case may be) than the nominal diameter It Is necessary to make each 
grade. In order to make the same length ot belt run properly. 

Prot. Ranklne has worked out a formula for tbe length ot belt also, 
which, reduced to dlametera. Is as follows: 

llD + lJd (D — d)' 

Length of belt = 2C + 1 . 

7 40 

That is, the length of a belt to pass around any two pulleys (and, of 
conrae, a cone Is simply a set ot pulleys) Is the sum ot tbe following 
quantities: First, twice the center distance ot tbe shatts; second, 11 
times tbe diameter ot tbe larger pulley, plus 11 times the diameter 
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ol tbe smaller pulley, and this Bum divided by 7. This gives Uie 
aomlnal length of belt, or what vould bo practically correct it the 
center distance was fairly great; for the excess, the last part of the 
formula must be used, which la the difference between the diameters 
of the larger and smaller pulley squared, and this result divided by 4 
times the center distance. 

Having found the length of belt to run on one end of the cones, 
and keeping this for a starter, we can easily find how much to add to, 
or take from, the nominal diameter of any other part of the cone to 
make the same belt run, as explained above. If, for Instance, we Bod 
that the nominal diameters of the next grades that we try bring the 
length of belt one-half Inch shorter than the flret calculation, we add 
enough to one or both diameters to make up one-halt Inch of circum- 
ference, which would be about 5/32 of diameter, and this could all be 
added to one pulley, or half of It could be added to each pulley, as 
convenient, and this would be practically correct. 



CHAPTER II. 



CONE PULLEY BADH. 

In the present chapter a method preeeated by Dr. L. Burmester In 
his "Lehrbuch der KInematIk," for the solution of the cone pulley 
problem, has been extenelvely treated. Dr. Burmester's method la 
entirely graphical, and Is exceedingly 'simple tn appHcatlon. While it 
Is not theoretically exact, It is, as will be shown later, much more 
accurate than practice requires. 

In order to bring out more clearly the points which will come up In 
the case oF open belts, let us first consider the simple case of crossed 
belts. It Is a well-known fact that in this case the only calculation 
necessary In order to find the radii of the various steps Is to make the 
sum of the radii of any two corresponding steps a constant. This 
may be shown in the following manner: 

a = radiuB of step, driving cone. 

A ^ length of t>elt from contact on driving cone to contact on driven 

b^ radius of step, driven cone. 
£ = distance between centers of cones. 

£ = the constant sum of the radii ol two corresponding steps. 
«=angle shown. Figs. 4 and 5. 
Then 

a. + 6. K 
sin $, = = — 
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Therefore e, = e,=:e=a. conatant. 
Therefore the arc of contact on each pulley = 



180° + 2 S = a con- 



But length of belt = 2jH-- 



In which, as has been shown above, all the terms are constants, there- 
fore length of belt Is constant 
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Note: The sabscrlpt applied to the letters denotes that the letters 
are used for the corresponding quantities In a special case; thus Oi 
refers to a In Fig. 4. 

The radii of the varlouB steps may be determined graphically by the 
following diagram (Fig. 6): 

Draw a horizontal line from A, and also draw AC making an angle 
of 45 degrees with It. On this line lay off AS equal to the distance 
between the cone centers, using .iny scale most convenient, bear- 
ing In mind, however, that the scale adopted now must be used con- 
sistently throughout the diagram. At 8 erect the perpendicular TBT' 
to the line ABC. From soma convenient point on AC, as D, drop a 
vertical equal to some known radios of the cone a, as DE, and then 
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from B measure back on this vertical the radius ot tbe correspondlns 
Etep on cone b, aa EF, and (rom these points E and F draw lines 
parallel to ABC. From the i>olnt Q, vhere the Itne FO intersects the 
line TBT, drop a vertical. This will Intersect the line EB In H. 
Throngh H draw the horlxontal MH, being the point where this line 
intersects the line TBT. Then, distances on the line MO mar he taken 
to represent radii va cone a; and to find the correBpondtng radU on 
rone b erect perpendiculars at the extremities of these radii, produdng 
them until they Intersect the line TBT. These perpendiculars then 
represent the desired radii. It may be shown as follows that the mm 
of the two corresponding radU, as obtained from this diagram, la 
always a constant, and the diagram therefore satisfies the conditions 
for crossed belts. 

Let MJ represent any radius on cone a, then JI represents the corre- 
sponding radius on cone b. 




The I JIO = z JOI = 46 degreea. 

Therefore // = JO. 

Therefore Jf / + /I = If / + /O = JKO = a constant. 

Dr. Burmester's diagram for open belts is a modification of the 
diagram just shown, the only difference being that the line TBT la 
replaced by a carve. This curve was determined by plotting a seriM 
o( points, and after several pages of exceedingly intricate mathemaUcs 
he arrives at the astonishing result that this curve can be replaced 
by a simple circular arc without any appreciable error. 

The diagram is shown in Fig, 7, and may be drawn as follows: 
Proceed as In Fig. 6 until the line TBT Is drawn, then lay oft distance 

1 
8K equal to — A.B. Next, with the center at A, and a radius equal 

2 
to AK, describe the arc XT, and the diagram is ready for use. 

In order to give an Idea ot the extreme accuracy of the diagram, let 
us observe the values obtained by Dr. Burmester in hie calculations. 
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Let R = AK (Fig. 7). 

When # = 0, ie = Bxi.ll81&172. 

» = 15°, R = EX 1.11806842. 

9 = 30'. S = EX1.11798G71. 

9 = 45°, R = EX 1.11803387. 
Tbe value used for R In the diagram \a E X 1.11803397; so the maxi- 
mum error of B occurs when # = 0, and la equal to B X 0.00011776, 




which la much more accurate than the work ot the moat careful drafts- 
man. Dr. Burmelater gives values of H up to B:=90', but as It is evi- 
dent from Fig. 8 that It would be practically imposalble to have a valua 
of B greater thaa 45°, the writer has omitted the other values. 




In order to make the use Ot the diagram perfectly clear, let us solve 
the following problems: 
Given : 
Distance between centers of cones = 



Problem I. Tig. 9. 
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n 



Diameters or driving cone, 4", 8", 14", 20". 
Dlametere of drlTen cone, X, X, 14", X. 
Required: 
All diameters of driven cone. 
Lay out the diagram and determine the point M as previously 
directed. Now the Tadll of driving cone may be laid off as abBcIssu or 
ordlnates, whichever happens to be the more convenient, as the resnlts 




■ PUU^ Problem w 






obtained will be eicacUy the same In either caee. In this particular 
problem It is evidently more convenient to lay them off as abscissas. 
Then the ordlnates erected at the ends of these absclBBSB will repre- 
sent the corresponding radii ot the driven cone. The problem is solved 
in Fig. 9 and the following results obtained: 

Results: 
Diameters of driven cone, 22W, iy%", 14". and 7^4". 

This problem does not bring out all ot the fine points of the diagram, 
BO let MM solve a more complicated one, in wtiich the different steps of 
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tbe cone are to transmit given velocities. 

Problem a. Flcr- lO, 
Given: 
Distance between centers of cones ^ 3' 4*. 
Maximum velocity of belt (asBumed) 30 feet per second. 
R. P. M, of driving cone ^ 240. 
Required: 
Driven cone to make 100, 240, 400 and 680 R. P. M. 
The maximum belt speed will be attained wben the belt is an tbe 
largest step of the driving cone. 
Therefore 

2 r 0, X 240 

= 30; 2a, = 28%" 

12 X 60 

2b, 240 

But = ; 26,=11%''. 

2S% 680 

Now having obtained a value for a, an<I fi„ the point M on the din- 
gram may be found. Next draw a line from M as MO, inclined so that 
anr horizontal projection, aa MN, will be to the corresponding vertical 
projection, NO, as the R. P. M. of the driver are to the R. P. M. of tbe 
driven; thne, 

MN R. P. M. of driving cone 



NO R. P. M. of driven cone 
Also from similar triangles 



But we know that 

R. P. M. of driving cone rad. of driven cone 



R. P. M. of driven cone rad. of driving cone 
Therefore MN' equals radius of driven cone, while N'O" equals radius 
of driving cone, thus making, for this caw, radii of Jrlving cone verti- 
cal and of driven cone horizontal. The problem Is solved In Fig. 10 
and tbe following results obtained: 
Results: 

Dia. of driving cone, 28%", 2B%", 20%", 11%". 
Dia. of driven cone, 11%", 15%", 20%", 28%". 
We have seen that tbe Burmester diagram Is under all conditions 
much more exact than la required In practice; and a more compact, 
Blmpler, or quicker method of finding cone pulley radii could not 1M 
desired. An experienced draftsman should be able to solve a prob- 
lem Ilka No. 2 above In less than 10 minutes, while to obtain the same 
results by an analytical method would require as many honn. Results 
of sntSclent accuracy can usually be obtained by making the diagrun 
to half scale, although there Is no reaeon for reducing the scale, an]en 
the distance between centers Is inconveniently large, and in that cast 
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the results do not need to be so accurate, ae the belt will Btand more 
stretching. 

Another graphical method for laying out a pair of cone pulleys is 
ne followe: First draw straight line A A, Fig. 11, supposed lo connect 
the centers of the cones to be laid out; then set oft the centers of the 
cones B and C on line A. A (tuU size is best) ; then blaect the distance 




SpMd. OentBi 



chBii veiociiy a 



between the centers of the cones and draw perpendicular line D E. Now 
assume the size of the two cones — say the largest Is 25 Inches and the 
smallest 3 Inches diameter. Then draw a line tangent to the circles, 
or the line representing the Inside of the belt O, which will Intersect 
the line D E tit E, and talcing the point E for a center scribe the circle 
F. Then divide the circle F, coninienclng at the line of the belt G, 
Into as "many parts as needed, of a length to suit the required speeds. 
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Draw the other radiating belt lines through the point E and the dlvi- 
Blona on the circle F, extending them toward the cone B, and they 
will be the Inside ot the other belt lines. Draw circles tangent to these 



linee. We now have all the diameters of the reet of the steps of the 
cone to match the flrst. and the helte will correctly fit all the steps. 
This Is, of course, only an approximation rule. This method was con- 
tributed to the June, 1905, Issue of Macpiinebt by John Swaaberg. 
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STBBNG-TH OF OOUNTBRSHAFT8. 

There Is Bcarcely a Bhop Iq existence which has not had a more or 
less BerlouB accident from a counterBlia.ft some time in Its hfstorj. It 
may have been caused by a hear; pulley running very much out of 
balance, or the shaft may have been bent In the beslnning. Foaeibly 
the shaft was too light, or too long between hangers. The latter Is 
responalble for most of the trouble, and Is the one with which this 
discussion la principally concerned. 

There are two methods In vogue for turning cones and pulleys; one 
Is to set the rough casting to run true on the Inside, and the other on 
the outside. This latter method makes a cheaper and an easier Job, 
but when turned. It requires an enormous amount of metal to balance 
it And here la the source of considerable trouble. We may balance 
a large cone perfectly on straight edges, but that Is a standing balance 
only; and when the cone la put In place and speeded up to several hun- 
dred revolutions per minute, It shakes, and shows that it is decidedly 
out of balance. The trouble Is that we have not placed the balance 
weights directly opposite, or in the plane of the heavy portion of the 
cone. The result is that neither weight, when rotating, has its counter- 
balance pulling in the same line, and, of course, the pulley Is sure to 
be out of balance. All cones and atl other pulleys which have a wide 
face should be set to run true on the Inside before turning. 

A certain countershaft failed because it had been welded near thn 
center. The weld twisted and bent open, and some one was badly 
Injured by the tall. A'weld In machine steel la so very uncertain that 
it should never be trusted for such a purirase. The extra expense of a 
new shaft would not warrant the hazard of such a risk. 

In the calculations which follow, the spring of the shaft is limited 
to 0.06 of an inch. There are plenty of countershafts which have been 
running for years with about this much spring. Now, from the general 
formula for the deflection of a simple beam, we have: 

The deflection, or springs 

HE I 
In which W = the load at the center in pounds. . 

L^the length between center of hangers in Inches. 
£;=:the coeffldent of elasticity =: 29,000,000. 
f = the moment of Inertia of the cross-section of the shaft. 
For a round shaft, 

wd' 
1= (1) 
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In wtiicb d=tbe diameter ot the sbatt in inches. We tben have: 

= O.06 (2) 

48 £/ 

From (1) and (2), we have = 0.0(1, and 

48 Bid* 

* I O.06 X iS^ird" ' ro.uex 48"x39,(N«),CMH> X r d* 

L = J = . X - 

^ 64 TV ^ 61 W 



^T' 



Fig. 12 ehowE a countershaft which is la actual eervlce, and which Is 
known to be all right. A and B are keyed to the shaft. C and D are 



piB. la. 
loose pulleys arranged for open and erosa belts. 

A weighs 30 pounds, and B, C and D weigh 110 pounds. The belts 
run as shown in the figure. It A weighs 'id pounds, and the centers of 
the bangers are 54 inches apart, then by taking the left-hand banger as 
the center ot moment, we have 30 X 12^£ x 27, when x la the weight 
at the center. Solving we find 



27 
As to the belt pull. It Is possible for a single belt to run up to 70 
pounds per Inch of wid(h of belt, and a double belt can be taken at 100 
pounds. As a double belt Is used In this case, and as the slack side 
of the belt Is very loose wheu the tight side Is pulling Its maximum, 
we will take the pull at the pulley A = GX 100 = 600 iwunds, and get- 
ting this in terms ot a load at the center, we have 
600 X 13 

X, = — - ^ 2(lfl 

27 
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end the downward pull la 13 + 7a + 266 = 352. 

The pull at the pulley B will be 6 X 100 = 600, and t 
this to the center we have 



The resultant ot these two forces will be the diagonal of the force 
diagram, and Is equal to E30 pounds, which Is equal to W In the for- 
mula. Introducing these terms In equation (3) we have 



3. Mr 

= . 4,100,000 

N 880 



and by solving we And Ii = 65, which means that lor this condition of 
loading the countershaft would I)e sate even with the hangers 65 inches 
apart. 




FUt. 1! 



Fig. 13 represents another countersbalt taken from actual service. 
It is belted as shown on the left-hand view, and Is running all right, 
although It looks rather flimsy, and one would consider it unsafe. Tak- 
ins the moments ot the weights of the pulleys and belt pull about the 
right- and left-hand supports, and finding the equivalent pull at the 
center, we obtain: 

Weight at center due to pulleys = 148 

Pull on 30-inch pulley = 2!^ X 100= 250 

250 X 30 

Pull on 15-Inch pulley=2W X 100; = 208 

36 
Total downward pull= 606 

500 X 30 

Pull on 14-lnch pulley =5 X 100; = 417 

36 
Resultant downward pull= 189 

Introducing this value ot W In equation <3) we have. 



This Is considerably less than the distance between the liangers. and 
it shows that It Is not sate to place the hangers in this way. If the 
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belts ran as ebown at the right-hand side of Fig. 13. we would then 
have: 

Weight due to pulleys (as be(ore) ^ 148 

Pull on 30-lnch puller = 250 

Full on 15-Inch pulley = . 208 

Total downward pull^ 60S 

Horizontal pull on 14-!nch pulley ^ 417 

From tbeee two Forces we find a resultant of 'Vf = 736. Substitut- 
ing this In (3) and solving a.s before, we find £.^38, which Is the 
greatest safe distance between hangers for this condition of loading. 

There are cases where one must have an extra long shaft In order 
to work in the pulleys, cones, etc., as shown In Fig. 14. Here the 
downward loads amount to SZO pounds, and the pull at right angles 
i to 360 pounds. The resultant 895 pounds = W. 



Introducing In the formula we have 






• (2.44)* 
^ = V 4.100.000 = 53 

N 895 



This means that for this condition of loading, the center distance 
should not exceed 55 Inches, and since In this case It could not be made 
as small as this, the pulleys should be arranged tor a third hanger. 

In every case, therefore, where the centers are so far apart as for- 
mula (3) would indicate to be unsafe, a third hanger should be used. 
If all the flimsy counterahaftB had a third hanger added to them there 
Is no doubt but that the number ot accident* would be greatly dimin- 
ished. In the above calculation the weight of the countarahaft has 
not been considered, as it is usually very small. If the belts run at 
any ciher angle than that shown, the construction Is made In exactly 
the same way, using the required angle Inetead of a right angle, the 
resultant of the two forces being used as W In the formula. 
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TUMBLBB OEAB DESIGN. 

Of the different mecbaniBina that have been uBed In the macbins 
tools or the past, one — the tumbler gear — could be found In some form 
or other In almost every machine. It« office, In most cases, was to 
reverse the direction of tbe feed. Fig. 15 shows the usual form In 
which It la found when used for this purpose. The gears A and B are 
to be connected so that motion may be transmitted from one, which 
runs coostantlr In one direction, to the other, which It is desired to 




ran In either direction. Suppose that A la the driver and runs aa 
shown by tbe arrow. As connected, A drives B througt) ttte Inter- 
mediate sears D and C, B rotating In an opposite direction to A, as 
shown by the arrows. 

This mechanism Is termed the tumbler gear, liecause the gears D 
and C are supported in a frame which swings about the axis of either 
the driving or tbe driven gear. In the case In band, the intermediate 
gears are carried In the frame E, which rotates about tbe axis of the 
gear B. Some means, not shown, must be provided by which the 
rocker frame may be changed from one position to the other, and 
locked. Fig. 16 shows the mecbanlsm shifted so that the motions of 
A and B are in the same direction. 

Tbe tumbler gear has been used as a reversing gear ever since pres- 
ent forms of machine tools were first invented. While it has always 
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glvea conBlderable trouble, it haa showtt up to diBadvantage mostly 
wben applied to tbe modern machine with poeitlve gear feed. wh«re 
great power has to be transmitted by It. It Is tbe purpose her« to 
show where tbls gear may be used to advantege, and also to explain 
tbe theory on which the principles at Its design are based. 

All of us have met with this mechanism In some form or other, and 
^may have formed an unfavorable opinion. The prejudice thus created 
.keeps us from fully appreciating the tumbler gear, even when properly 
•designed, and when used In the right place. It has been placed by 
many along with the worm drive and the spiral gear as undesirable, 
and to be avoided unless It Is absolutely Impossible to get along with- 
out it. This opinion has been responsible for the adoption of many 
comblnationB used for purposes that rightly belong In the field of the 
tumbler gear, and many times, In order to avoid using this mechan- 
ism, much unnecessary complication has resulted. 

What are the faults of the tumbler reversing gear? That one on 
5o-and-So'B lathe used to kick furiously when one tried to throw it 
over. Then, the one used on the milling machine used to go Into 
meeh easily enough. Init When any amount of strain was put onto 
it, the teeth used to crack and growl, showing that the tendency was 
to drag the gear farther into mesh, causing the teeth to bind on one 
another and sometimes break. Let us look into the case represented 
Is Fig. 15. Fig. 17 shows the gear D Just entering Into mesh with a. 
An examination of this figure shows that the tendency is for the teeth 
of gear A, when they strike those of gear D, to cause *'he latter to 
rotate about the axis of'the rocker frame, should the gear B be locked 
against turning. This tendency opposes the motion In the opposite 
direction necessary to bring tbe gears wholly Into mesh. In practice. 
B is not locked, but It is necessary to overcome a certain amount of 
resistance in order that it may be set Id motion, and the presence of 
this resistance has tbe same effect as if the gear were locked. The 
greater this resistance is, the greater Is the effort necessary to bring 
the gears Into working position. 

Examining the conditions in the case of Fig. 16, we see that the 
effect would be Just the opposite, that Is, the gears would come Into 
meeh of their own accord as soon as a. contact Is produced between 
the teeth of A and C. Practically no effort is necessary to bring tbo 
gears into mesh, but, in order to withdraw the gear C from A, con- 
siderable effort would be required. When the gears C and A are Is 
mesh and transmit power, the tendency for gear C is to crowd farther 
Into mesh with A, which has the effect of binding the teeth. Should 
the pressure of contact be aufflclent, the binding tendency would cause 
the motion to cease, or would break tbe teeth. This Is one of the 
points on which many have based their verdict against the tumbler 
gear, and when designed so that such results are obtained, it is not 
to be wondered at. 

Direction of Tooth Pressure In Ordinary Cut Qoars. 

The first consideration En the design of tumbler gears in any form 
Is tliat of tooth pressure and Its line of application. As all cut gears 



D.qit.zeaOvGoOt^lc 



TUMBLER GEAR DESIGN 



21 



used In machine tools are made to the Hy^-degree Involute system, we 
will confine ouTselveB to that syBtem. In thla, the force tending to 
revolve the drl7en gear Is not a tangential force, applied as a tangent 
to the pitch circle, but 1b a force applied at an angle of 141^' degrees to 
the tangent of the pitch circle, this 14i^-degree line being termtd the 
line of pressure. In case that there may be some confusion a& to the 
above statement regarding the tangential force and the Hue of pres- 
Bure on the teeth, the case 1b graphically shown in Fig. 18. The 
tangential force is equal to the twisting moment divided hy the radius 
of the pitch circle. This force Is equivalent to that which transmltB 
motion between two disks hy friction alone, the diameters of the disks 
being equal to the pitch circles of the gears. This force la, In the 
case of a gear, resolved Into two component forces. One component 
acts perpendicular to the tangential force and tends to force the gears 
apart; the other acts In the direction of the line of tooth pressure 
shown in Fig. IS. The tooth pressure thus li somewhat less than the 




total twisting force, and equals the twisting or tangential force multi- 
plied by the cosine of 14^ degrees. 

In^uence of Dlreotlon of Tooth PresBure on Tumbler Qear Deslsn. 

To show what eflect the line ol pressure has upon the layout of the 
tumbler gear, we will use the simple case shown in Fig. 19. In this 
flg;ure, A la the driving gear and B Is the driven gear. These gears 
are conn'-i;ted by means of the intermediate gear O, which Is carried 
in 'the awing frame E, which, in turn, swinge about the eucIb of A. 
Thb mechanism is a simple case of tumbler gear, and while It is 
IMUe used. It is useful as a means for disconnecting a train of gears 
when It Is desired to stop the motion of the driven section. If we con- 
alder the gear B locked In the position shown, and exert a turning 
effort on the gear A In the direction Indicated by the arrow, this effort 
Is transmitted by the teeth of A and C, and a preesure is produced 
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between tbe teetb of Band C, two of whicb are shown In tbe cut. Tbe 
direction in which th[a force Is applied Is Bhown by tbe line of pres- 
sure HE, and 1b exerted In tbe direction of H. Since everj' force la 
opposed by an equal and opposite force when In a state of equillb'rlnm, 
we have in this Instance a force or reaction opposing tbe force along 
thd line of pressure referred to. It Is this reaction that causes our 
troubles. In the mechanism shown In Fig. 19, the gear C and the link 
E are free to rotate about tbe axis of A, and since the line of pressure 
does not go through the center of gear A, the force acting along this 
line tends to rotate the arm E about the axis of A, the direction of 
rotation being dependent on which side of tbe center of A the line falls. 
Thus in Pig. 19, the line falls In a position that produces a tendency 
for the arm to force tbe gear C further Into mesh with B. The twist- 
ing moment thus set up is equal to the tooth pressure multiplied by 
the normal distance from the axis of A, or O L. 




If now. Instead of trying to turn the gear A In the direction of the 
arrow, we exert a torque In the other direction, the opposite sides of 
the teetb would come Into contact, and the line of pressure would be 
located as shown by the dotted Hue H' E'. The normal distance of this 
line from the axle of A U much greater than In the former case; con- 
sequently the twisting moment tending to rotate the arm E about the 
axle Is alBO Increased, but tbe direction in which the torque Is applied 
has changed the direction In which the reacting force along the line 
of pressure acts, and. since this line falls on tbe same side of the 
axis, the tendency of the arm Is to rotate In tbe opposite direction, and 
to separate the gears C and B. Had tbe line of pressure gone directly 
through the axis of tbe gear A, where E Is pivoted, the effect of any 
force acting along It would have had no rotating Influence upon the 
tumbler gear arm. That this would be the Ideal case needs not to be 
mentioned, and it should be the aim of the designer to approach that 
condition as nearly as possible. 
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The tendeDcy for the tumbler to crowd the gears Into mesh might 
be of Bome advantage were It desirable to throw them Into meeh while 
the gears are In motion; but In cases where any considerable amount 
of power Ib being transmitted, a very stltl and rigid design will be 
necessary for the tumbler frame and the locking device. It Is also 
well In such cases, when setting the locking device, to have the gears 
mesh with plenty of play or backlash, so that, if there be any spring la 
the frame, ttie gears will not be likely to bind and cramp. Should B 
be the driver and run In the direction of the arrow, the line of pres- 
sure would be H' E'. and the pressure would be In the direction of H'. 
The -arm would then tend to carry the gear C out of mesh with B. 




It DaMsn Df Tnmblar Oaar Id ran In Bett DlTMillaiu. 

Should the direction be reversed, HE would be the line of pressure, 
and the tendency would be to crowd the gear in. 

The layout in Fig. 19 has two bad features. In the. first place, the 
gears have a tendency to crowd farther into mesh, which limits the 
amount of power that can be transmitted, and Increases the liability 
of breakage of the gear teeth and of the tumbler frame, should an 
overload be Imposed upon the mechanism. Inaccuracy in the shape 
and spacing of the teeth aggravates the above conditions. In the 
second place, the mechanism should be used to transmit motion in bat 
one direction. 

In most cases the throwing In or out of the tumbler is a secondary 
matter, as It Is done either when the gears are not In motion, or while 
not under load, if running. In such cases it should be the aim of the 
designer to overcome the objection of the crowding of the teeth Into 
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mesb by having the line of pressure properly located, so that tbe tend- 
ency ia In the opposite direction. When It Is desired to provide a 
tumbler gear that can be run In either direction, the layout in Fig. ZD 
Ib recommended. The object In thle case le to have the twisting 
moment equal, in either direction, and such that the gears Iiave no 
crowding tendency. The arrangement In Fig. 20 Is laid out as follows: 
Draw the pitch circles of the gears B and C and connect their centers 
by the line D F. Through the pitch point O draw a line G R normal 
to H F. Then locate the gear A at aome point on O fl 80 that its pitch 
circle will be tangent with that of C. 

Tbe Single Tumbler Oew. 

The single tumbler gear ie the basis of many of our modern rapid 

change speed and feed mechanisms, and the principles treated above 

apply to this as well as to the regular tumbler gear. Take the simple 

case shown in Fig. 21, which shows the pitch circles of a four-gear 




Eitf. fll. .BLuffl* Tnmblar 0«ftr In • Fe«<l Box. 

cone and the driver A and tumbler gear C. It is evident that only one 
position of tbe gear C can be such that the Ideal condition prevails, 
that is, only when in mesh with one gear of the cone can the line of 
pressure pass through tbe axis of the tumbler frame. Fig. 21 shows 
this to be the case when C is in mesh with the gear B'. Each subse- 
quent shifting of the tumbler along the cone brings the line of pres- 
sure eccentric to tbe axis, until the position of extreme eccentricity Is 
reached when C is in mesb with B."" In mechanlainB of this kind, it 
should always be the aim of the designer to have the line of pressure 
pass as close to the center of rotation of the tumbler frame as Is 
possible, because the locking devices used with this type of tumbler 
gear are necesaarily of such a design as to be quick in action, and in 
consequence are not very stiff or rigid. The line of pressure should 
always be made to fall on that side of the axis where tbe tendency 
is to separate tbe gears rather than to bring them closer tt^ether. 
When the gear C Is supported In a swinging frame which does not 
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elide la a lateral direction, but tlie cIianseB are made by shifting 
along an Intermediate shaft the aupportlng member should be located 
at the end vhere the line ot pressure has the greatest eccentricity, as 
the greatest strain comes at that end. Thus, In Fig. 21 the sunport 
should be at the same end as B"". The diameter of the iDtermedlate 
gear C has an Important effect on the location of the line of pressure. 
It will he found that it should In most cases be as large as B"", In 
order that the line of pressure may come right. However, no exact - 
rule can be given by which the diameter of C can be calculated, as It 
depends greatly on the difference In the diameters of B' and B"", and 
also on the diameter of A. 

Buiee for the Deslfrn of Tumbler Qaars. 

What direct rule can be given that may be used as a guide in laying 
out the tumbler gear? Referring to Fig. 19, we see that the gear 
is revolving In a direction away from the axis of the tumbler at the 
point ot tangency of the pitch circles of C and B, and that the reacting 
force tends to crowd the gears farther Into mesh. Bad this line of 
pressure fallen on the other side of the axis of the tumbler frame, the 
tendency would have been opposite In effect. When the gear C Is 
revolving so that a point on the pitch circle travels away from the 
pivot ot the tumbler, and the line ot pressure falls somewhere between 
the pivot point and the axla ot the driven gear B, the tendency will 
be to crowd. From thla we therefore may formulate the following 
rules: 

RuJe I. When the gear about which the tumbler gear swings Is th« 
driver, and the line of pressure tails between the axis of that gear 
and that of the driven gear, the motion of a point on the pitch circle 
of tbe tumbler or lotemiedlate gear, when near the contact point, must 
be toward the axis of the tumbler frame. Should the direction of a 
point on the pitch circle be opposite, the line ot pressure must tall out- 
side of that area included between tbe axis ot the pivot gear and the 
driven gear. 

Referring again to Fig. 19, it Is seen that should th^ driving gear 
be B, the above rule does not apply, but may be altered to read thus: 

Rule II. When the gear about which the tumbler gear swings is 
the driven gear, and the line of preaBUre falls In the space between 
the axis of this gear and that Ot the driving gear, the motion ot a 
point on the pitch circle of the Intermediate gear at the contact point 
must be away from the axis ot the pivot gear; when the line ot pres- 
sure falls outside at this space, this motion must be reversed. 

By following these two rules, more as a precaution than aa a com- 
pulsory condition, much better success may be expected In the results 
obtained. 
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The moat useful and IndUpensable of all the materials with which 
the deelgoer has to do, Is cast Iron. Ot all tb« metals used In the con- 
Btructlon of machinery. It Is the cheapest. It is the one to which we 
can the moat readily give the form and proportions which we desire. 
. It la, of all the common materlala, the most easy to machine. While 
ft la lacking in strength and ductility, Its cheapness makes It pos- 
sible to use it In such ample quantity as to overcome these diead- 
Tsntages, and In many constructions It may be so shaped and propor- 
tioned, or so reinforced by other materlala, as to make this lack bnt a 
slight detriment. It Is therefore a matter of Interest to the designer 
to learn of the various faults to which this valuable material is sub- 
ject, and the best ways in which they can be avoided or minimized. 
Causes or Blow-Holes. 

Probably the one fault which spoils more castings than any other, 
Is the result of an outnish of gas from the materials of the cores or 
the mold, into the molten iron, at the Instant of solidlflcatlon. If the 
Bolidiflcation of the Iron has proceeded so tar that the outnishlng 
gas or steam cannot bubble through it, and escape through the vents 
which should be provided tor the purpose, It will be imprisoned In the 
substance ot the casting, forming one or more holes, according to the 
special shape ot the casting, and the quantity of the escaping gas. 
These holes, which are known as blow-holes, may not be apparent on 
the outside, and quite often occur in such a location that they do no 
particular harm, but It is more often the case that they occur at some 
point where they become apparent when the metal is being cleaned, or 
where their presence weakens the casting greatly. 

Steam ft-om Molstur* In Sand. 

The gases which cause blow-holes may come from three sources. 
They may be, and generally are, caused by the generation of quanti- 
ties of steam from the moisture contained In the molding sand, by the 
heat of the Iron. In the case of dry sand and loam castings, the 
quantity of steam so generated Is ao inalgnlflcant, If the molds have 
been properly heated, that It gives no trouble whatever. In the case 
of green aand castings, however, the moisture present, and therefore 
the steam generated, Is quite large In amount, and special precautions 
have to be taken to prevent blow-holes. 

When the molten Iron pours Into a green aand mold, all the moisture 
In the layer of aand Immediately In contact with the iron will at once 
he transformed into steam. The depth ot the sand layer, so affected 
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depends on the thlckneBe and extent ot the fiery maaa to which it U 
adjacent The steam so formed must either force its way through the 
molten Iron In the form of a m&BS of bubbles, or else it must escape 
through the sand. To facilitate its escape, the mold is vented. That 
Is, after the damp sand has been packed around the wooden pattern 
by ramming It closely Into place, a wire Is thrust repeatedly Into the 
mold, making numerous passages for the escape ot the steam and gas. 

It la obTlously Impossible that one of these vent-holes should extend 
to every point In the layer of sand adjacent to the casting, so It la 
necessary that the most of the steam and gas should force Its way for 
some small distance through the sand, before It can reach a vent-hole. 
This it can only do when the sand le somewhat porous. If the sand Is 
too tightly rammed, It will lack the necessary porosity, and even though 
It be unusually dry, and the venting carefully done, the casting will be 
lull of blow-boles. Cases have occurred where molds have been 
rammed so hard that the castings were nothing better than shells, the 
whole Interior being a mass of blow-holes. 

Decomposition of Binder In Oorea and Entrapplnir of Air. 

The second cause of blow-boles In Iron castings is the decomposition 
of the material, generally flour or molasses, used as a binder in pre- 
paring the cores, and its escape in the form ol gaa. Into the Iron, at 
- the Instant of pouring. It is impossible to prepare and bake a core 
in such a way that it will not give off large quantities of gas when the 
iron Is poured, and so means must be provided for the escape ot this 
gas. Id order to do this, the cores are prepared with wax strips run- 
ning through them. When the core is balced, the wax melts, leaving 
passages for the escape of these gases, known as core vents. If the 
core Is of such form, and so Bet in the mold, that the gases can 
escape from these vents in an upward or sldewise direction, and leave 
the mold without forcing their way through the molten Iron, no blow- 
holes will result. 

A third source of blow-holea is the entrapping of air In certain parts 
of the mold, and Its mixing, on expansion, with the Iron. This trouble 
Is due to Insufficient venting ot the mold, and is not a fault to which 
the designer need pay any particular attention. 

Dry Siuid or Losm Advlafttile for Large Complicated Oostlngs. 

In the case of large and complicated castings, it Is generally advis- 
able to make dry sand or loam castings. In order to avoid, as tar as 
pooslble the chance of blow-holes. When the mold Is very large, it is 
difficult to vent It thoroughly, and when the work on It extends over 
a period ot three or tour weeks, it Is Impossible to keep the vents 
from filling np; hence the general use of dry sand work for large 
castings. Often, however, for the sake of economy, fairly large and 
complicated pieces must be undertaken In green sand, and It becomes 
a matter of Importance that they be so. designed that the molder will 
not be compelled to Invite disaster by keeping his sand too wet, or 
ramming it too hard, and that there Is no part of the mold which may 
not be thoroughly vented. 
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Bl«Tnei)tB of Oreen SRnd MoiainB'. 

In order tbat we may understand ttioraugbly the effect of the design 
of a casting on the probability ot blow-holes, It Is neceesar]' that we 
review, in a brief way, the elements of green sand molding. The sand 
Is sprinkled with water, and thoroughly mixed and sifted, preparatory 
to packing or 'ramming" It around the pattern. The object of wet- 
ting the gand la of cotirse to cause It to stick when it Is packed. Up 
to a certain point, the wetter It is, the better It will stick, but the 
molder should not wet it any more than is necessary. In the same 
way, the more tightly the sand la rammed, the better Its particles will 
cohere, and the more easily wUl the mold be handled, and the pattern 
drawn. However, tight ramming and wet sand, while they make a 
solid and easily handled mold, invariably produce blow-boles, and are 
therefore to be ayolded. 

It will be apparent then, that If a pattern be of complicated form, 
or bard to draw, or It when It Is drawn It leaves the sand in such a 
form that the mold will easily tall together at a little Jarring, the 
molder will be compelled to wet the sand more and to ram it harder 
than usual. Small, deep openings, sharp fillets, and thin walls and par- 
titions of sand, are especially troublesome. Not only do they make it 
difficult to draw the pattern, and handle the mold, and so make exces- 
sive wetting and hard ramming imperative, but they cause spots In 
the mold which the venting wire IB unlikely to reach. For these 
reasons, they are to be avoided when possible. In any class of molding, 
whether it be green sand, dry sand, or loBm work, and on no Account 
should such work be permitted In the case of large green sand castings. 

When designing a casting to be made In green sand, the designer 
ought to know the position which it will occupy In the mold, when 
it Is poured. In general, the parts ot a casting which lie In the bottom 
of the mold will be the soundest, and those parts which must be 
machined, or which require the greatest strength, should therefore 
occupy the bottom of the mold, if possible, when the casting Is poured. 
Having decided which side will be down, the designer needs generally 
to pay no particular 'attention to the configuration of the lower part 
of the mold, provided only that all of tte pattern can be drawn, and 
that there are no sand partitions which overhang, or whose extent is' 
large in proportion to their thickness. To insure a sound casting, the 
sand In the lower parts of the mold must be comparatively dry. and 
loosely rammed. This condition of affairs Is not generally bard to 
attain, since all the work on the sand Is done with the pattern In 
place, and that part of the mold is not generally moved or handled 
after the support of the pattern has been withdrawn. In the lower 
part of the mold, the sand is generally supported at all points in a 
very thorough manner by the sand lying under It, and so hard ramming 
or wet sand Is unnecessary. It, however, the pattern must be made 
with loose pieces, or with sharp fillets, or must leave thin walls or 
tongues of sand when It Is withdrawn, the case Is changed. Then 
hard ramming and wet sand are almost compulsory, and the molder 
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iB not to be bUmed If he does not produce sound green sand casttngs. 
Tbe fault is with the designer. 

The upper part of the mold most of necessity be rammed harder 
than the lower part, since the sand la not supported from beneath, but 
hangs from above. This Is not as great a dieadvantage as It might 
seem to be at first sight, since the escaping gases do not have to 
make their way through the Iron, as they would it they were given 
oO by the sand In the lower part of the mold. The venting, how- 
ever, must be Just as ttaorougta, and It Is desirable that the aand should 
be as dry as possible. The whole arrangement of the upper part of 
the casting should be such that the sand may be well supported from 
above. Generously rounded fillets and corners, simple surfaces, plenty 
of "draft," and an absence of depending walls and masses of sand, 
make the mold easy to handle, and therefore promote freedom from 
blow-holes. 

Wben Oreen Sand and Dry Sand Botb Uay be need. 

It often occurs that the larger part of a casting Is of simple form, 
and easy to mold. A certain part of it, however, may be of a form 
exceedingly difficult to mold, and therefore likely to give a great deal 
of trouble. It Is not necessary that the whole casting should be made 
In a dry sand mold, hut a core-box may be made to take care of the 
difficult part of the work, even though the work would ordinarily be 
done without a core. It Is Just as easy, and often Just as desirable to 
cast the external (ace ot a casting against a core, as the internal face. 
'While It may not pay to do this if only one casting is wanted, it a great 
many are wanted it is often the cheapest possible way of making them, 
and reduces to a minimum both the work of the molder and the chance 
of a spoiled casting. Often forms may be cast In this way which could 
not be attempted in any otber. If It is desirable to use this method of 
norking, the designer has it in his power to make the construction of 
the core-box much simpler and cheaper than it might otherwise be, by 
giving the matter a little thought. 

In arranging the coring of a mold. It Is always better, If possible, 
to support the cores at the top. The gases formed In the core, .being 
light, tend to rise, and If the core Is supported at the bottom only, 
they tend to escape Into the iron, and to bubble through It. If they 
can escape at the top, they will pass off without coming In contact 
with the Iron. When It Is impossible to support the cores at the top, 
they should be so arranged that the gases can pass off at the sides, 
and escape from tbe mold without coming In contact with the Iron. 
SpongiaesB. 

A second fault to which iron castings are subject Is that of spongi- 
nesa. Sponglneas is due to the formation of gas bubbles In Iron, at 
the Instant of solidification.. In all ordinary cases this is due to an 
Improper mixture of Iron. However, If the casting is very thick at 
one place, and thin at moat others. It will be Impossible to obtain a 
mixture which will have satisfactory properties for general work, and 
not be spongy at points of extraordinary thickness. It le an excellent 
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rule to allow no part of a casting to be at a greater distaace [roin 
a sand surface thao 2^^ iQchea. In case this rule Is strictly adtiered 
to, and tlie castings are of fairly uniform thickness, no trouble will 
be experienced from s^onglness, except from tbe use of poor iron. 
When, however, we are obliged to concentrate a considerable quantity 
of metal at one place, and give It a greater thlckneBB than 5 or 6 
Incbee, either we must take care that It will be at some point where 
the spongtnees will do no harm, or else we must make provision to do 
away with It. 

The only practical method for doing this is to place a riser Immedi- 
ately over the heavy spot. When the metal Is poured, and the riser 
is full, a rod of wrought Iron Is Inserted and worked up and down 
until the metal has almost solidified. By so doing, the bubbles have 
a better chance to escape, and the Iron la left perfectly solid. Of 
cdurse, it Is not possible to use a riser effectively In this manner, 
unless It can be placed directly over the heavy spot. A, riser at a 
point a few inches distant is useless. The use of a riser Id this way, 
and for this purpose, la unneceesary when the part of the caetlng In 
which the heavy spot occurs Is subject to no particular stress, or is 
not required to be tight under steam, air, or hydraulic pressure, but 
nevertheleGs, a spongy spot la a detect in a casting, which should, If 
poaelble, be avoided. 

Sbrlnk-holes. 

A third fault to which Iron castings are subject is that of shrink- 
holea. A shrlnk-holc Is a cavity In a casting caused by the shrinking 
away of the metal in cooling. Like eponginess, this detect Is espe- 
cially likely to occur in those parts of a casting which are exceasively 
thick. To avoid this fault, it Is best to avoid sudden changes In the 
thickness of a section. It the part of a casting which is unusually 
thick does not have to be machined, the dllHcuIty may be overcome 
by placing In the mold at that point a piece Of Iron, so that the casting 
will be caused to solidify at that point first, on account of the chilling 
effect of the cold Iron. If, however, the heavy spot In the casting has 
to be machined, or If It Is subject to heavy stress, this method of pre- 
venting Bhrlnk-holes is to be avoided, since the chilling of the iron 
makes It so hard as to be Impossible to cut with a tool, and at the 
same time creates stresses within the metal which weaken It. In such 
a case, sbrlnk-holes are best prevented in the same manner as has 
alieady been described tor the prevention of sponglness, namely, the 
use of a heavy riser, and the working of the Iron with a rod when it 
Is cooling. 

The designer must therefore avoid heavy spots In castings, when- 
ever possible, for the reason that they are likely to produce two 
serious faults, sponglneBS and shrlnk-holes. He must avoid them espe- 
cially In those parts of castings which are to be machined or which 
are subject to heavy stresses. If they cannot be avoided entirely. In 
such a case, they should be so arranged that risers may be placed 
Immediately over them, so that a rod may be inserted into the riser, 
and into the heart of the spot where the metal Is thickest. 
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ScabtainesB. 

A fourth faalt often eocouiitered In iron castings Is that ot scabbl- 
nesB. Although Iron In the molten condition does not permeate the 
sand ot the mold, as water would If it were poured in, nevertheless, 
on account of the great weight of the fluid, It has a considerable 
erosive action on the materials of the mold. If, as it flows Into the 
mold, the Iron eats away flllete or partitions, or scours away patches 
of sand, tt Is ohvlous that the casting will not he ol the proper form. 
hut will have its angles partly fllled up, and unsightly protruherances 
upon Its surfaces. Such Imperfections as these are known as scabs. 
The sand so washed from Its proper place may float on the Iron, and 
rise to the top of the mold, where It forms a dirty mliture, which, 
when cleaned away, leaves a rough depression In the surface of the 
casting, also known as a scab. 

The remedy for this trouble is to avoid as tar as possible sharp 
fillets, and thin tongues of sand, projecting Into the mold, and to so 
gate the casting that the current of iron, as it enters the mold, will 
spread Itself out, and not concentrate Itself in any particular direc- 
tion, for If It does, it will eat away tbe part against which It flows. 
Just as quickly and surely as would a, current of water. In general, 
proper gating Is a matter which must be attended to bj the molder, but 
If the designer has arranged things so. that proper gating is incon- 
veulent or Impossible, the castings will almost surely be scabby. 

Send -holes. 

The fltth fault to which Iron castings are subject, namely sand- 
holes, is one which Is almost Invariably asaoclated with that of scab- 
biness. It the sand which has been eroded by the entering current of 
iron does not rise Immediately to the surface, the Iron may partially 
aoUdify before it will float to the top. As a result, tt will rise till It 
strikes a part of the Iron which has so soltdlfled, and will remain there, 
imprisoned within the body of the casting. Sand-holes generally occur 
In that part of a casting which lies near the top of the mold, and Just 
a little ways under the skin. They may occasionally form lai^e cavi- 
ties which seriously Impair the strength ot the casting, but more often 
they form very small holes, which, being full of sand, destroy the edge 
of any tool which may he used for the purpose ot machining the cast- 
ing, and leave the flntshed surface pitted and unsightly. 

From this description of their origin, it must be apparent that the 
cnre for sand-holes, as tar as the designer's work Is concerned. Is the 
same aa that for scabbiness. The fault may also be avoided by the 
use of a riser, ho arranged that the current of Iron will sweep the loose 
sand out of the mold and into the riser, where It will do no harm; but 
while this remedy eliminates sand-holes, it does nothing to remedy 
scabbiness. which is generally the cause of sand-holes. 

Floating Cores. 

A sixth difflculty often encountered in the production of sound Iron 

CBstinga, is caused by floating cores. The buoyant elfect of the molten 
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Iron on a core Is equal to about tbree times the weight of tbe core, 
If It Is solid, and very much more than that In case the core is 
hollow. Large cores are generally built up about cast-iron skeletona 
known as core frames. These core frames are roughly of the same 
shape as the core, and serve to supuort ft, and to bind it together. 
Were It not for these frames, heavy cores would fall to pieces by 
their own weight, and would be broken up In the process of casting, 
owing to the buoyant effect of the Iron. A projecting piece of core 
having a volume of tour cubic feet, for instance, will weigh approxi- 
mately 500 pounds, and have a buoyant force of about 1,600 pounds 
thrusting it upward when the mold is poured. It the core frame is 
not amply strong and stlft, this force will bend the projection npward, 
or even break It off entirely. Hence the necessity of making large 
cored cavities of such form that the cores may be rigidly anchored 
and thoroughly secured. Nor Is It sufDdent that provision be made 
for securing the cores, hut they must be of snch shape, and so rein- 
forced by the frames, that they will he stiff and strong, and not bnd 
appreciably under the tremendous forces which will act on them when 
they are surrounded by tbe molten Iron. 

Qne of the most difficult things to cast properly is a long Iron pipe 
having a small diameter and thin walls. If such a pipe be cast In 
the usual position, that is, lying hortEontally, there will be an upward 
thrust along tbe whole length of the core, tending to bend It. On 
account of its slondemess, tbe central portions will be deflected 
upward, making the walla of the pipe thinner on one side, and 
thicker on the other. Often the deflection proves suOcIent to thrust 
the core against the side of tbe mold, if It IS long, or, in case tbe 
thickness of tbe wall is great In proportion to the length of the core, 
to break It off entirely. On this account, pipes and hollow columns 
of cast Iron are often cast on end. thus avoiding any deflection of the 
core. The same principle may be applied to many other pieces, by 
taking care to so design them that long and slender cores shall have 
a vertical position when the mold is poured. If they have such a 
vertical position, and are supported at both ends, they will have no 
tendency to deflect one way or another, and this source of trouble may 
be completely avoided. 

Cold Shuts. 

The seventh fault la known as a cold shut. A cold shut is caused 
by the Imperfect uniting of two or more streams of molten iron, flow- 
ing together, which are too cold to coalesce. Such a fault often occurs 
on the upper side of a thin cylinder cast horizontally, when the Iron 
Is not sufficiently hot at the Instant of pouring. It there appears as 
a seam In the side of tbe cylinder, where It Is very apparent that the 
metal has united imperfectly. It Is not only a weak spot In tbe cast- 
ing, along which it will readily split If called upon to sustain any 
great stress, but it Is a spot which will surely leak under prenare, 
and which It is Impossible to calk. The cauee of the Imperfection is 
generally Improper gating, or else too great thinness of metal. If the 
iron is obliged to flow In thin streams for long distances, it will be 
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cooled very much, ami probably the advancing lace will be partially 
aolldifled. Consequently, when It meets a similar advancing face of 
metal, which has been similarly cooled, there is small likelihood of 
thetr uniting properly. 

The remedy ia obviously to so design the casting that the mstoi 
w!ll not have to flow in thin streams for long distances. The arrange- 
ment of gates and risers is often ol great importance in minimizing 
cold shuts, and If the casting Is large, and at the same time has thin 
walls, the designer must see that the gates may be so arranged that 
the Iron may quickly flU up the moia. While the arrangement of the 
gating generally depends on the molder's fancy, he may often be 
limited by the shape of the casting, and obliged to place the gate at 
some point where the iron, in flowing In, must spread Itself Into a 
thin sheet, or pass for a considerable distance through a narrow pas- 
sage. Under such circumstances, a cold shut Is hardly to he avoided. 
Bfarinka^e Strains. 

The eighth and last fault is that of shrinkage strain. If we have 
two places of iron fastened end to end, as shown In Fig. 22, one piece 
being notably thinner than the other, the thinner piece will solidify 
first in the mold, and cool some hundreds of degrees below its freezing 



point, before the thicker part solidlfles. As a result, the thicker part, 
when cooled to air temperature, will have, or rather tend to have, a 
less length than the thinner part, the reason being that at the 
instant of solldlflcatlon of the thicker part, both pieces had the same 
length, although the thinner part was much the cooler. The thin 
part will then be In compression, while the thick part Is la tension, 
and severe stresses will exist within the piece, which make it weaker 
than it would otherwise bo In most cases. 

Sometimes, however, we are enabled to utilize the shrinkage stresses 
to advantage. For instance, when cast iron was the standard material 
for the manufacture of ordnance, guns were cast with corM through 
which water was circulated, so as to cool the surface of the bore 
before the outer parts solidified. When a gun Is flred, it Is known that 
the. Inner layers of metal are stretched more than the outer ones. By 
cooling the inner layers of metal first, shrinkage strains are produced 
In the walls of the gun, causing the outer layers of metal to com- 
press the inner ones. The combined effect of the shrinkage stresses 
and the stresses produced by the explosion is to produce a uniform 
stress throughout the walls of the guns, and so reduce the chance of 
rupture. 

It Is not often, however, that we are able to take advantage of 
shrinkage strains in this way. More often they are troublesome, caus- 



D.qit.zeaOvGoOt^lc 



34 



MACHINE TOOL DESIGN 



Ing work to warp In the process of macblnlDg, or causing mjeterlooH 
cracks to develop without apparent cause. Since these strains are due 

to unequal rates of cooling In the different parts of the casting, the 
hest wa? to eliminate them Is to so arrange the thickness of the vari- 
ous parts, that the entire casting shall solidify at the same time. The 
second best way Is to so arrange the parts of the casting that the 
unequal contraction shall not produce dangerous streasea at any point. 
In order that the entire casting shall cool at a nniform rate, it Is 
necessary that all parts of it shall be of approximately uniform thick- 
ness, and that there shall be no sudden changes' of section. In order 
that unequal contraction shall not produce dangerous stresses In the 
metal, It la necessary that there shall be no sharp comers, and that the 
various parts shall be free to expand when necessary. For Instance, 
a wheel or pulley with a solid rim is likely to have severe stresses 




rta. BS, Uathod of ObTlMliiB BliiU)c»(* fHrMua la Lus» Wlwcla. 

set up within the arms by unequal cooling, but If the hub be divided 
as shown In Fig. 23, by means of a thin core, and then bolted subse- 
quentty. no abrlnkage strains will occur, since the arms are free to 
expand or contract, Independently of the rim. 

Shrinkage strains often become so serious that It becomes neces- 
sary to make pieces In two or more parts, which it would be perfectly 
possible to make, at much less expense, In one piece. Large jacketed 
cylinders, for steam and gas engines, are good examples of this. When 
cast in one Piece, the shrinkage stresses, together with the stresses set 
up by the varying temperatureB Incident to services, are often suf- 
ficient to crack them. Were the piece shown In Fig. 22 made In two 
parts, as shown In Fig. 24, there would be no shrinkage strains In 
either part, although the cost of machining the surfaces which are 
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fitted together, and of putting In the bolts, would not always warrant 
the construction. 

Belative Boonomr of Simple and Complicated OaBtlngB. 
In conclusion, It may be well to state that the most of the faults 
enumerated will be more likely to occur In a part of a complicated 
costing, than In a similar part of a simpler casting. For instance, the 
cylinder of a gas engine will be more likely to have some Imperfec- 
tion If it is cast Integral with the frame, than 11 It is cast separately. 
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In the same way, the frame will be more likely to have an Imper- 
fection of some kind, than if It were cast separately. Assuming that 
ten per cent of the cylinders or frames would be lost if they were cast 
separately, it Is more than likely that fifteen per cent oC the castings, 
having cylinder and frame cast together, would be rejected for faults 
in the frame, and flfteen per cent of the remainder would be rejected 
for faults In the cylinder. In other words, twenty-eight per cent of 
these castings would be rejected, against ten per cent of the simpler 
forms. If more than eighteen per cent of the cost of the castings is 
saved in machining, or In other ways, by casting cylinder and frame 
together, it Is well to do so, hut It the saving Is not more than sut- 
flcient to balance the loss. It Is well to make several simple forms, 
instead ol one complicated one. 
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PBOPOBTIONS OP MACHINES BUILT EN A 
SBRIES OF SIZES. 

The problem or coat reduction forces itseW, with Increaalng vlvid- 
neea, upon the mind of every person who hae to do with the manu- 
facture of machinery. To the "small shop" people, and to those whose 
product la uasyBtematized and whose Ideas of methods to pursue are, 
ao yet, vague, thia chapter may prove of some aralstance. 

There are three Important means by which the shop product may be 
systematized: By the use of formulas; by the use of tables; and by 
the use of charts. As the two latter may be considered as the taba- 
lated, or graphic results of the former, we will deal only with the 
formulas. In determining sizes, weights, and costs, these formulas 
are generally most efficient tlme-savera. For convenience, formulas 
in this chapter will be divided Into "two classes: The class used to 
produce the first of a type of 'machine we will call fundamental; and 
the class used to produce several stses of this type of machine, emplri' 
cal. Upon seeking fundamental formulas in text books and in mechani- 
cal engineers' pocket books we are confronted by a diversity of oplnlone 
and tabulated results that are, at least to a novice, a bit confusing. 
These formulas, It is always to be remembered, have their application 
in the special case under consideration, and are to be used onl]' as 
guide posts in our Journey of design. It is evident to most designers 
that some kind of a tentative method must, sooner or later, be 
resorted to in the type design, for In nearly all machines the govern* 
Ing conditions soon become so numerous or Indefinite as to render a 
subdivision of the problem a necessity. A certain amount of Judgment 
Is absolutely essential In the use of most fundamental formulae, and 
discrimination is always necessary. 

Graphically, fundamental formulae can be represented by curves, and 
will be correct for all sizes under Identical conditions, while empirical 
formulas rest on no such basis and hold true for but a certain series 
within certain limits. This constitutes the vital difference between 
fundamental and empirical formulas. A fundamental formula Is one 
found through mathematical reasoning, while an empirical formula is 
made up by means of trial methods. 

Suppose that we have built two or three sIkos of a certain type of 
engine and that they are successful; we desire to put on the market 
an entire line. Our sizes of this type of engine will run from 10-inch 
cylinder diameter in the smallest to 3l)-lnch cylinder diameter in the 
largest. We have built a 12-Inch and a 24-inch engine and perhaps 
an 18-inch. These engines were, as was imperative, tentatively, 
designed. In seeking the derivation of the empirical formula for the 
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leogtb of the croes-head shoe, we find that on our 12-1dcIi engine we 
have given It an area of UTi^i, square Incbea, and on our 24-lnch engine 
Its area is 190^ square incbes. In eacli case tlie length of the shoe 
was nearly twice Its width, bo we decide to make It ao In our line 
of engines; solving for the width, we Iiave in the 24-inch engine 

ai'=190.125; i = v'95:0625^=».7B. 
making our ehoe leDgth for the 34-lnch engine 19 <^ inches, and for the 
12-lDch engine 10% Inches. 

To any scale in FIr. 25, perpendicular to the line JfL, lay oD these 
ahoe lengths PB and P*^— IOV2 inches, and 191^ inches, respectively — 
making the distance BB' equal to 12 Inches, the diltereuce between our 
slses 12 Inches and 24 inches. Through points PP" draw line 8A later- • 
sectlng 2fL at A. At B' — for our iS-inch size — erect a perpendicular 
B"P". Draw PF iDteraecting B'P" at F, Using the notation giTen In 
the figure, we get the simple equations 



e.-y^c.-d; ed = cv; 



-v; 
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In this last formula many will recognise an old acquaintance— the 
equation for a straight line. Let us now analyse this equation. From 

the figures it Is seen that z=ithe desired dimenBlon and that ^ = the 



rate of Increase In the elope of the line. If now 1 

distances and substitute their values for c and d we may determine the 



-. which we will call f. 
10.6 



Then t = 



14 



= %,and 



x = rt + c. or x=«v + c. 
In Interpreting our empirical formula x = /v -f c, we hare 
V=n common unit to which all other sizes are to be referred, 
r^ desired dimension. 
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/ = a factor of j(, 

c=a constant tncrement to be added In each case. 

The unit of value v, bb generally selected, Is a bolt or cylinder diam- 
eter, or the capacity of the macblne. Obviously, In our Use of engines, 
we select the cylinder diameter D an our value of y, and our unit 
formula then becomes %D + o. The value of o la now determined by 
direct substitution in the following manner: x being the shoe length, 
we ButMtltute for It IB^ inches (it« length on the 24-inch crosshead); 
then 

%xa4 + c = 19tt; 0=19% — 18 = 1%. 




.immiJI.T. 



Note, that while we have assigned to v and c other values, we Iiave 
not altered the relations; our formula for this particular crosahead 
dimension now becomes %D + 1'^ Inches. 

For convenience In charting these sizes, some point la determined 
upon as a pole about which these lines (represented by our formulas) 
are drawn as vectors, the ordinate length for a particular size giving 
the desired dimension. If now in the determination of other formulas 
it be found, as is lilcelr to be the case, tliat these lines do not all pass 




through a common point, it becomes necessary to select one. In well- 
designed machines the Intersection of these lines with the base line 
will come close together, and an average ot these intersections is 
selected as a pole. Pigs. 26 and 27 will serve to illustrate the purport 
of this paragraph. 

Experienced designers are well aware that the final test of any 
dimension in a design is that of satisfying all fundamental calculabla 
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conditions; nevertbelesB, the Instances where our empirical formulas 
prOTQ Incorrect are very few Indeed. With the design for our line of 
engines thus systematized, let us consider what are to be the advan- 
tages that win naturally result Trom it. In the first place, the weights 
of any particular parts, or details of any size In our line of enslnes 
may be determined prior to its design or manufacture. In the deter- 
mination of weights, cubic contents, and similar processes, the use of 
"differences" aa applied to higher mathematics, will not only prove 
au efficient time-saver, but relieve much of the drudgery attendant 
upon such operations. 

A brief explanation of the use of "differences" is as follows: When 
we have a series of numbers connected by a r^nlar, though not obvious 
law, the nature of that law may tie discovered by forming a new series 
of differences between each' two terms of the original series, and then 

TABLa 8BOWINO PBEROmji Or TKm MSTHOD OP DirPMBKraiB. 
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treating the new series (which we may call the series of first differ- 
ences) In the same way. until we reach a series of differences, the law 
of which Is obvious. In the table above will he found both the arith- 
metic and algebraic solutions of problems by "differences." 

In column 1 of the table Is given a series of numbers, which we 
suspect follows some definite, though not obvious law, and which we 
desire to discover. We here take the dlfFerences between each two 
terms in column 1 and put them down In column 2. Having proceeded 
with the two orders of differences, the law becomes apparent early la 
the process of determining the vslaes In column 3. Referring again 
b) the table. It Is evident that the next term of column S must be 11, 
which gives 68 (G7 + 11) as the next term of column 2 (the aeries 
of first differences) and 312 (244-1-68) tor the original series. Note 
that this series can thus be obtalnad Indefinitely, and that nltimatelT'. 
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It) an7 regular serlee, some one series of differences will become a 
constant. It Is on the principle of dlSerences that calculating machines 
are constructed to compute logarithmic tables, etc 

In the algebraic solution of such problems as Involve the determina- 
tion of welgbts and volumes, it will be necessary to calculate theae 
weights or volumes for the let, 2d, 3d, and 4th terms of our given 
series. By substituting in the formulas In column G the numerical 
value o( W, which Is the first term in our given series, we may equate 
these expressions and our calculated values for the 2d, 3d, and 4tb 
terma, and determine, by simple algebraic proceaaes, the values of 
c, X, y, and nltimately, those values which we are requtrlnK In the 
original series, colnmn E. 

The computations concerning the cost of materials logically follow 
the determination of volumes and weights and are made with compara- 
tive ease. However, our next problem concerning the determination 
of the cost of labor is a more dlfllcult one to solve. Formulas should 
express this cost in so many cents per pound of product. Including all 
shop charges, and be established partially by experience and partially 
by methods snggested In this chapter. 

In many instances It will be found both d^lrable and convenient to 
have this cost formula embody the unit dimension. Wben this is the 
case, the formula Ib, as are most cost formulas, eetablished by the 
tentative methods to which we have just alluded. As the methods 
employed In the deduction of these formulas render them purely 
empirical, one or another form of expression may have to be adopted. 
Howflver, formnlaa of this class usually assume tbe form of, or at leagt 
may be solved into, the familiar type form 

0** — 6« + c, 
where a and b are factors of tbe unit dimension, and c is a conatant. 

For the purposes of illustration we will assume that the formula 
for the cost of labor which we have established is 
I 

— B»— lBi) + 814. 
3 
In this form the formula gives the total cost of labor In doUars for 
the size desired. The cost of labor O for our 18-inch engine would 
then be 

8 
<7=— (18)'— 16 X 18 + 314 = 630. 
2 

The computation of a final cost formula, embodying the unit dimen- 
sion, is the last process in our development of shop formulas: this 
formula Is derived directly from those relative to the costs of material 
and labor. 
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No. 10. EzAUFLES OF HaCHInE Shop PhACtice. — Three chapters on Cut- 
ting Bevel Gears wlUi a Rotary Cutter, Spindle Construction, and the Making 
o( a Worm-Gear. Tbe descriptions of the operations are profuBelf illustrated, 
demoQHtratliiK the value of the camera for telling the Etory of macbiue shop 
work, and tor graphic InatructlonH in the methods of machine shop practice. 

No. 11. Be ABi no 8. ^Design of Bearings, Hot Bearings, Oil Grooves asd 
Fitting of BearlngB, Lubrication and Lubricants, and Ball Bearings. 

Nn. 12. MAmBUATtCAL Pbinciples of Machine Desion. — The matter pre- 
sented la almost entirely the work of Mr. C. F. Blake, a name very familiar to 
the readers of MjicsinERT. Draftsmen and designers will And the chapters on 
the Efficiency of Mechanisms and Notes on Design full of valuable suggestions. 

No, 13. Blakkino Dies. — Contains chapters dealing with Blanking Dies in 
general, the Design of Dies for Cutting Stock Economically, Split Dies, and 
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CHAPTER I. 



FIRST PRINOIM^S OF QBABINO. 

Gear wheelB are such cominoa objects about tbe machine shop, and 
are manufactured with such rapidity and eaae by the aid at the modtrj^ 
automatic gear cutter, tbat many Heldom stop to thlnlc what they 
really are, why the teeth must be conatructed with certain curvea, 
and what It Is desired that they shall accomplish. In a followlns 
chapter we shall take up some of the practical questions, touching 
upon the calculations that come up la the shop, but will here deal 
chiefly with a few of tbe theoretical points of the subject that are 
seldom explained In a simple manner for tbe benefit of those who have 
had neither the time nor the opportunity to look into matters of this 
kind. 

Suppose there are two wheels arranged as In Fig. 1 with their faces 
In close, frictional contact, and that both are exactly the same size, so 




(hat when the crank Is turned around once, wheel B will turn exactly 
once also, provided, of courae, there Is no slipping between the two 
wheels. It must be noticed, moreover, tbat If the crank be turned uni- 
formly, wheel B will not only make the correct number of revolutions 
relative to A. but It will revolve uniformly, as well; that Is. both Its 
total motion and tbe motion from point to point will be correct. 

Now there are many places In machine construction where the sllii- 
ping Inseparable from friction wheels cannot be tolerated, and thU 
dtfflculty might be overcome by fastening small projections to one of 
the wheels, as on A In Fig. 2, and cutting grooves In the other wheel. 
B. Then, if the crank were turned, wheel B would always make Just 
the right number of turns, even If considerable power were transmit- 
ted. It is probable, however, that these projections and grooves would 
not fulfill the purpose of gear teeth. What Is wanted of gear teeth Is 
that they shall give exactly the same kind ot motion as corresponding 
friction wheels, ronning without sllpiilng. They must not only keep 
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the number of revolutfona right, but tbey must give a perfectly even 

and smooth motion from point to point or from tooth to tooth. 

Fig, 3 will Bhow clearly how such a result ia obtained. It represents 
the friction wheels with teeth fastened to them, tbe teeth, of course. 
extending all the way around Instead of part way as shown. These 
teeth are set ao ae to be partly without and partly within the edges 
of the two wheels, as obviously they will give better results thus 
arranged than with all the projections on one wheel and all the grooves 
or depressions on tbe other, as In Pig. 2. 




With the wheels fitted in this way it can be proved that the only 
conditions which must be fulfilled In order that the teeth shall give 
wheel B the same motion that it would have If It were driven by 
trictional contact with wheel A is that a line drawn from the point 0, 
where tbe two wheels meet, to the point where the tooth curves tonch 
shall be at right angles to both tooth curves at this point, whatever thei 




position of the gears. For example, in Fig. 3. two of the teeth touch 
at h. If the curves are of the right shape, a line mn, drawn through 
?i and 0, will be at right angles to both curves at point ft. Thia Is 
the law of tooth curves, and It makes no difference what the shape of 
the teeth Is. so far as their correct action is concerned, if this law 
holds true for every successive point where the teeth come In contact. 
In technical language the "friction wheels" mentioned are known 
as "pitch cylinderB," and they are always represented on a gear draw- 
ing by a line — usually a dash and dot line — called the "pitch line." As 
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teeth are generally proportioned, ttats line falls nearly, but not quite, 
midway between the tops and bottoms of the teeth, the Inequality 
being due to the Bpace left at the bottom of the teeth) for clearance. 
The diameter of the pitch cylinder Is called the "pitch diameter." 
Involute Syatem. 
We are now ready to consider the particular forme of teeth moat 
often used- The one that Is at present most In favor Is the Involute 
tooth, the term "Involute" being the name of a curve described by the 




end of a cord as it la unwound from another curve. For example, to 
draw an Involute, wind a cord around a circular disk of any con- 
venldat material, and make a loop In the outer end of the cord. Lay 
the disk flat on a piece of paper, and with a pencil In the loop, unwind 
the string, keeping It drawn tight, and let the point of the pencil trace 
a curve, which will then be an involute. 

In Fig. 4 la shown how the same principle Is applied to forming 
tooth curves. A and B, with centers at M and ?r. are two disks which 
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serve the purpose at pltcb cyllDderB. C aod D are two smaller disks 
fastened to the larger ones and around which a cord Is stretched and 
tastened at points a and H. When either disk la turned, tlie cord Is 
supposed to pull the other one around at the same speed that It would 
- go If moved solely by frlctlonal contact between disks A and B. To do 
this, it is simply necessary to have the disks C and D in the same 
ratio as A. and B. If A. for example, Is half as lar^e aa B, then C 
must be half as large as D. 

To make room for drawing the curves, let pieces F and E be fastened 
to the large and small wheels, respectively. With a pencil fixed at 
point d on the cord, turn the wheels in the direction of the aolld 




arrow, meanwhile moving the pencil outward, and the curve db will 
be described, which will be a suitable tooth curve (or the larger wheel, 
and which it can be proved will answer the requirements of the gen- 
eral law. Starting again with the pencil at a, and turning the wheels 
In the direction of the dotted arrow, and moving the pencil outward, a 
similar curve, ac, for the smaller wheel will be traced. 

The circles representing the disks C and D are called "base circles," 
and In practice are drawn at a distance from the pitch circle of about 
one-sixtieth of the pitch diameter. This brings the angle, KOd. called 
(he angle of obliquity, in Fig. 4, about 14Vj degrees; and although it 
Is not by any means certain that this Is the best angle. It Is the one 
commonly used. 
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Cycloldal SrsMm. 

Take a silver dollar and roll it along the edge ot a ruler, holding 
the point of a. pencil at the rim ot the dollar, so that as the latter rolls, 
the pencil vritl trace a curve. Tbls curve Is a cycloid. Should the 
dollar be rolled on the edge of a circular disk, however, the curve 
traced would be an epi-cyclold, and should It be rolled on the Inside of 
a hoop. It would be called a hypoKiydold. These curves are employed 
for the teeth of tbe cycloidal system of gears. 

In Fig. 5 it Is shown how tbe face or tbe outer portion of the tootb 
Is rolled up by the point A on the outer rolling circle, and how the 
flank or Inner portion Is generated by point B on the inner rolling 
circle. In this case the hypo-cycloid and flank are straight lines, the 
reason for this being that, as drawn, the diameter ot the rolling circle 




is one-half the diameter of the pitch circle of the gear, and the hypo- 
cycloid generated under these conditions becomes a straight line. 

The Involute and cycloidal systems are the only two that are used to 
any extent, and In Fig. G a gear tooth and rack tootb of both are 
shown for comparioon. The involute gear tooth has the Involute curve 
from point a to point 6 on the base circle, and from 6 to c at the bottom 
of the tootb tbe flank Is a straight, radial line. One difficulty with the 
Involute system is that with the standard length of tooth the point a 
will interfere when running with gears or pinions haviag a small 
number ot teeth. To avoid this, the point Is rounded off a little below 
the Involute curve. In general appearance the tooth eecms to have a 
broad, strong base, and a continuous curve from a to c. A strong fea- 
ture of tbe involute gearing Is that It will run correctly even If the 
distance between the centers of the wheels is not exactly right. This 
will be evident by referring to Fig. 4, where it will appear that the 
relative velocities ot tbe two wheels will be the same however far 
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apart they may be, and If Involute te«th are used In place ol the string 
connection there shown, the action will be Just the same. The InTolnte 
rack tootb haa straight sides at an angle of 14^ degrees, with the 
points rounded off. 

or the cyclotdal teeth but little need be said except that they bar* 
tiro distinct curves above and below the pitch line, as previously ex- 
plained, and that in the rack tooth the two curves are Just alike, bnt 
reversed. 

Whatever system is used, it 1b essential that all the wheels ot a 
given pitch should be capable of running together. To make this pos- 
sible with the Involute, all the wheels must have the same angle of 
obliquity; and with the cycloldai system the same size rolling or de- 
scribing circle must be employed tor all sizes. The ciTcIe generally 
chosen Is one having half the diameter of a 12-tooth pinion, which 
makes the flanks of this pinion radial. In Fig. 5, If the diameter ot 
the rolling circle had b%en either greater or less than half the diameter 
of the pitch circle, the flank of the tooth would have been curved, and 
In the case of the greater circle, the curve would have fallen Inside of 
the radial flank drawn la the figure, cauelng a weak, under-cut tooth. 
With the smaller circle, the curve would fall outside, making a strong 
tooth. 
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FOBUnUAS FOB DIMENSIONS OF SPUB OEAB8. 

When we consider the number of gears ueed in machinery, and the 
number of men employed In the manufacture of machlnea- using gears. 
It fa rather anrprlsing to find men who are unable to find the outside 
diameter, having given the pitch diameter and pitch, or to find the 
distance between centers of two gears, having given the number of 
teeth and pitch, and similar problems. The object of tbls chapter Is 
to explain in as clear and practical a manner as possible the under- 
lying principles of gearing, and to give concise rules or formulas [or the 
solution of problems which arise In onr everyday work upon gears. 

Pitch Dl&metera. 

Two shafts A. and A' (Fig. 7) carry rollers B and B'. By having 

pressure on the shatts as Indicated by the arrows, and revolving A, the 




friction of the rolls at tbe point of contact, X, will cause A.' to revolve, 
but we can readily see that If any great amount of power Is to be 
transmitted, the rolls are liable to slip at the point of contact X, which 
will not give a positive motion; that la, It will require more than one 
revolution of the shaft A to produce one revolution of the shaft A'. 

Suppose, as shown In Fig. 8, that we put projections on the surface 
of the roller B and cut recesses In the roller B', mahing them of such 
shape that the sides of the projections on roller B will slide with as 
little friction as possible upon the sides of the projections caused by 
cutting the recesaea In roller B'. Then, when shaft A Is revolved, shaft 
A' must also revolve. The Identity of the rollers B and B' Is not lost, 
for we have simply added a number of projections to one, and cut the 
same number of recesses In the other, and the point of contact of the 
two rollers la still at X. but In thla case there is no special pressure 
required to keep the rollers together as in the preceding case, nor is 
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there any slip, and coneequently abaft A' will make one revolution In 
the same time that abaft A doea. 

In Fig. 9 we have changed Fig. S by adding projections between 
recessee In roller B', and by cutting receBSea on roller B between pro- 
Jectlona, and we have the regular gear tooth. We have now no visible 
part of the original rollera B and B' left, but we have In their placea 
Imaginary rollers, the diameters of which are the pitch diameters of 




the gears. Thus we might have called our original rollers pitch 
rollers, and then proceeded to put on our proiectlons and cut our 
recesaes, which would have given us the gear wheel. This baa already 
been explained in a general way In Chapter I. 

Of course, In practice gears are never made In this way; the gear 
blank la first turned up to the correct diameter^ and then the space 




between the teeth Is cut. The method ot finding the outalde diameter 
will be given later, this Illustration being used simply to show the evo- 
lution of the gear wheel from the friction disks or pitch rollers, 
pltob. 
When we speak of the pitch ot a gear, the diametral pitch la gen- 
erally referred to. The gear really has two pitches, diametral and 
circular. The diametral pitch of a gear Is the number of teeth for 
each inch of pitch diameter. It a gear has 20 teeth and the pitch diam- 
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eter 1b 2 tnchea, tbe diametral pitch would equal 20-^2, or 10; or 
there are 10 teeth In the gear for each lach oE pitch diameter which 
It contalae, and we would call It a 10-pltch gear. Tbe circular pitch 
ot & gear is the dlBtaoce From the center of one tooth to the center of 
tbe next adjacent tooth, measured on the pitch lines. It U very seldom 
that circular pitch Is used In deecriblng cut gears. 

It can readily be seen that the circular pitch being equal to tbe dlB- 
tafice from the center of one tooth to tbe center of tbe next, must 'be 
the result of dividing tbe circumference of the pitch circle by the 
number of teeth in the gear. Should an occasion arise where It would 
be necessary to obtain the circular pUch, iiavlng the diametral plteb 
given, divide 3.1416 by the diametrftl pitch, and the quotient will be tbe 
circular pitch, or, expressed in its simplest form, 

■ 3.1416 

= P, (1) 

P 

In wblcb P ^diametral pitch; P,^ circular pitch. 

Example. — If the diametral pitch of a gear la i, and it Is required to 
Qnd the circular pitch, divide 3.1416 by 4, and the quotient. 0.7g54, Is 
the circular pitch of the gear. 

If the circular pitch be given, to find the diametral pitch, we can 
readily see that formula (1) would have to be transposed and would 
read thus: 

3.1416 

= P (2) 

P, 

P and P, representing tbe same as before. 

Now, having given tbe rules, we will proceed to explain bow tbey 
were obtained. We know that tbe distance around tbe circumference 
of a circle is equal to 3.1416, multiplied by tbe diameter of tbe circle; 
consequently, tor every Inch of diameter we have 3.1416 inches of cir- 
cumference. It the diametral pitch of a gear Is equal to the number 
of teeth for each Inch of pitch diameter, and each inch of diameter is 
represented by 3.1416 inches of circumference, then the diametral 
pitch equals number of teetb for each 3.1416 inches of circumference. 
As the circular pitch is tbe distance from tbe center of one tootb to 
the center of the next, then tbe circular pitch must be equal to 3.1416 
divided by tbe number of teetli In that 3.1416 inches of circumference, 
and, as we have shown that the diametral pitch is equal to the number 
of teeth in each 3.1416 Inches of circumference, then tbe circular pitch 
must equal 3.1416 divided by the diametral pitch, which proves for- 
mula <1). 

It may not be actually necessary to show how we obtain the diametral 
pitch from the circular pitch, but we will endeavor to explain every- 
thing as we go along. As In the preceding case, we begin with tbe 
ratio of the circumference of the circle to Its diameter, which is 3,1416. 
In each 3.1416 Inches of circumference we have a certain number of 
teeth, which Is the diametral pitch of tbe gear. Now. having. given tbe 
circular pitch, it we divide 3.1416 by that, we obtain the number of 
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teeth for 3.1416 Inch of tlie circumference, which la the diametral pitch 
of the gear, vhlch provee formula (2). 

The accompaarlng tables will facilitate the finding of corrsBpandliig 
diametral and circular pitches. Table I glTea the even diametral 
pitches with the coireapondlng circular pitches, while Tahle II gives 
the even circular pltchea with the coTreaponding diametral pitches. 



lametral Pi(cb. 


Circular Pitch. 


Diametral Pitcb. 


Circular Pitch. 


2 


1.571 inch. 


12 


0.262 Inch. 


2M. 


1.396 " 


14 


0.224 




2% 


1.257 " 


16 


0.196 




2% 


1.142 •' 


18 


0.175 




3 


1.047 " 


20 


0.157 




3» 


0.898 " 


22 


0.143 




4 


0.78B " 


24 


0.131 




6 


0.628 '• 


26 


0.121 




6 


0.624 " 


28 


0.112 




7 


0.449 " 


30 


0.105 




8 


0.393 " 


32 


0.098 




a 


0.34B " 


36 


0.087 




10 


0.314 •■ 


40 


0.079 




n 


0.286 " 


48 


0.065 " 


Clrcalai PItcb. Diametral Pttcb. 


VTBD INTO DTAlfH 
Circular Pitch. 


Diametral Pitcb 


2 InchM. 


1.571 


7/8 Inch. 


3.5S0 


1 7/8 


1.676 


13/16 " 


3.867 


1 3/4 


1.796 


8/4 " 


4.189 


1 B/8 


1.933 


11/16 - 


4.570 


1 1/2 


2.094 


6/8 " 


5.027 


17/16 


2.185 


9/16 - 


S.685 


1 3/8 


2.285 


1/2 ■' 


6.283 


1 B/16 


2.394 


7/16 " 


7.181 


1 1/4 


2.613 


3/8 " 


8.378 


1 3/16 


2.646 


6/16 •' 


10.053 


1 1/8 


2.793 


1/4 '• 


12.666 


1 1/16 


2.957 


3/16 '■ 


16.755 


1 


3,142 


1/8 •' 


26.133 


15/16 '■ 


3.351 


1/16 ■' 


60.266 





Pitch Diameter. 

Having given the diametral pitch and number of teeth In a gear, to 

find tne pitch diameter, divide the number of teeth by the pitch, and 

the quotient will be the pitch dl&meter, which, eipreesed in Its simplest 



N 



- = D 



= pitch (dlanietral)i D- 



(3) 
= pitch diam- 



D.qit.zeaOvGoOt^lc 



FORMULAS FOR DIMENSIONS 13 

BiMmple. — A 10-pltch gear has 35 teeth, what Is the pitch diameter? 
Divide 36 (the Dumber of teeth) by 10 (the pitch), and the quotient 
3^ la the pitch diameter of the gear. 

The deflnltlOD of diametral pitch proves this formula. If the dia- 
metral pitch equals the number of teeth to each Inch of pitch diameter, 
then dividing the number of teeth In the gear hy the diametral pitch 
will give tbe number of Inches of the plteh diameter. II the circular 
pitch and number of teeth are given, first find the diametral pitch, and 
proceed as given above. 

Addendum. 
The addendum of a gear tooth Is the distance trom the pitch circle 
to the outside circumference of the gear. This distance is always equal 
to the reciprocal of the diametral pitch, or 1 divided hy the diametral 
pitch, and, expressed as a formula, is: 
1 
A = — (4) 

P 
in which .l = addendum; P=diametral pitch. 
Outside Dluneter. 
When we start to make a gear, we first wish to know the outside 
diameter. If we have the pitch and number oC teeth given, this may 
easily be found hy the following rule: Add 2 to the number of teeth, 
and divide by the pitch. This, expressed as a formula, is: 
N + 2 

=fl, (B) 

P 
In which V = number of teeth; P = dlametral pitch; i>, = outBlde diam- 
eter. 

Example. — Given a gear of 20 teeth and i pitch, to find the outside 
diameter. The number of teeth, 20, plus 2 equals 22, and 22 divided 
by 4 (the pitch of the gear) equals B%, the outside diameter of the 
gear. 

Tble. formula Is simply a combination of formulas 3 and 4, for 
we ffrst find the pitch diameter, and then add tbe addendum twice, 
for it must be added on each side of the pitch diameter. The mathe- 
matical solution Is as follows: 

N 11 

— = D; D + ~ + ~ = D, 



Dedeudum and Clearance. 
Tbe dedeudum Is the working depth of the tooth below the pitch 
1 
line, and must be equal to the addendum or —, for the pitch circles 

P 
of two gears are tangent (touching), so the addendum of one will give 
tbe working depth of tbe other below the pitch line. The clearance 
is tbe distance from the end of the dedeudum to the bottom of the 
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space between the teeth. There is no common standard (or this dis- 
tance, different gear makers using different distances, 7et the differ- 
ence between them Is very slight. 
The Brown ft Sbarpe formula for this distance is: 
0.1B7 
P= (6) 



In which F=cleantnce; A =:: addendum. 

ThlclcQABS of Tooth. 
The thickness of tooth and width of the space ot a gear are always 
equal at the pitch line, and If the circular pttcb la the distance from 
the center of one tooth to the center of the next tooth measured on 
the pitch line, tooth and space being equal, then the thlcknesB of tooth 
must be equal to one-half the circular pitch, or 
P, 
T=— (8) 

2 
In which T = thickness of tooth at pitch line; P, = circular pitch. 
We know by formula (1) that 

3.1416 

F. = (1) 

P 
and substituting this value for P, In formula (3) we bare: 
3.1416 



and this formula resolved to Its simplest form Is: 
1.570g 

T = (9) 

P 
in which T=: thickness of tooth at pitch line; P^dlametral pitch. 

i^ram pie .—Given a gear 1 3/16 circular pKch. what Is the tbickneas 
of tooth at the pitch line? 13/16 (the circular pitch) divided by 2 
gives 19/32, the thickness of tooth at the pitch line. 

Example. — Given -a 6-pltch gear to find the thickness of tooth at the 
pitch line. 1.570S divided by 6 (the diametral pitch of the gear) gives 
0.262, the thickness of tooth at the pitch line. 

Table III gives the thiclfness of tooth at the pitch line tor the differ- 
ent diametral pitches. 

Depth of Tooth. 
Afler we get the gear blank turned up. we next want to know how 
deep to run the ge?r cutter in order to get a perfect tooth. The work- 
ing depth of the tooth we have shown to be equal to the sum of the 
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112 

addeadnm and dedendum, or 1 ^ — , and the wbole depth of the 

P P P 
2 
tooth must equal — plus the clearance. 



Ueing the Brown ft Sharpe standard, we have -- 
1 
2.157 
B = 



0.1B7 



(10) ■ 



In which £ = full dispth of tooth; P^ diametral pitch. 

Example. — Given a gear of 6 diametral pitch, to find the depth of 
cut to be taken to get a perfect gear tooth. 

Divide 2.157 by 6 (diametral pitch) and the quotient 0.359 Ib the 
depth to be cut in the gear. 

If we had the circular pitch given, to find the depth of tooth, we 



P TOOTH Xt PITOH lANa. 



Dlimstral PItcli. 



TbiclcDCHot Tootb 
Bl Pitch Line. 

0.TS5 Inch. 



0.44S 
0,393 
0.314 
0.262 
0.224 
0.196 
0.176 
0.167 
0,143 



■t Pitch 
0.131 
0.112 

o.oss 

0.087 
0.079 
0.071 
0.065 

(>.oeo 

0.056 
0.0S2 
0.049 
0.044 



.. Tootli 



could substitute In formula (10) the value of P as given In the formula 
(2) . and we wonld have 

2.157 

E = 

3.14 16 + P, 
which, Induced to itB simplest form, is: 

£ = 0.6866 P, {11) 

In which E = depth to be cut In gear; 
Pi ^circular pitch. 
Example. — Given a gear 1^ Inch circular pitch, to find the depth to 
be cut. 

Multiply 0.6866 by H^ (circular pitch), and the product 1.030 is the 
depth to he cut In gear. 

Table IV gives the depth to be cut in a gear for different diametral 
pitches. 
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DlBtcuice Between Centers. 
Having given tbe number of teeth and diametral pitcb of two gears, 
to find the dletance between centers, add the number of teeth together, 
and divide by tvlce the diametral pitch, or 
W + n 

=C (12) 

2P 
Id which If = number of teeth In one gear. 
, n = number ol teeth In other gear. 

P = diametral pitch. 
(7 = distance between centers. 
This formulails obtained from formula (3): 
N 

— = D. 
P 
This formula gives us the pitch diameter of one gear, and, If we get 
the pitch diameters of two gears and add them together, we have twice 

XABLB IV. DaPTB OV TOOTH. 

Dl.metr.1 Pitch. Depf^ ^^ ="' 

12 0.180 inch. 
14 0.1E4 '■ 



Dtamotral Pitch, 


^•^S^S^'" 


2 


1.078 Inch- 


, 2'4 


0.958 '• 


2% 


0.863 •' 


2% 


0.784 " 




0.719 " 


3^ 


0.616 " 




0.B39 •' 




0.431 " 




0.3B9 " 



26 0.083 '• 
28 0.077 " 
30 0.072 " 
32 0.067 '■ 
36 0.060 ': 

10 0.216 " 40 0.054 " 

11 0.196 " 4S 0.045 " 
the dletance between centers, tor the sum of the pitch diameters Is 
twice the sum ot the pitch radii, which Is the distance between centers. 

We have now traced, by the aid ot a tew "rules," the proportlana of 
a gear tooth, having given the pitch and number of teeth, through 
pitch diameter, addendum, dedendum, clearance, width of tooth and 
depth to be cut, up to the distance between centers. We now give 
some formulas for the solution of problems in whlch'some of the quan- 
tities whlcb were known In preceding problems are unknown. 
Pitch, 

1 To find the pitch, having given the pitch diameter and number 
ot teeth. Divide the number of teeth by the pitch diameter, and the 
quotient will be the pitch. The proof of this assertion is derived from 
the formula: 

D = — (3) 
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If the pitch diameter equals the number at teeth divided by the pitch, 
then the pitch diameter multiplied by the pitch must equal the num- 
ber of teeth; therefore tha pitch must equal the number of teeth 
divided by the pitch diameter, and thla, ezpressed Id Its elmplest 
fonn, Ib: 

N 
P=~ (13) 

D 
In whlcb P = pltch (diametral); W^number of teeth In gear; D = 
pitch diameter. 

Example.— A gear, 3 Inches pitch diameter, has 36 teeth. Find the 
diametral pitch. 

Divide 36 (the number of teeth) by 3 (the pitch diameter), and we 
have 12, the diametral pitch of the gear. 

2. Having given the outside diameter and number of teeth, to find 
the diametral pitch. Add 2 to the number ot teeth, and divide by the 
onteide diameter, and the quotient will be the pitch of the gear. 
In formula (G) we have:_ 

N + 2 

= D, (6) 

P 
If the number ot teeth + 2 divided by the pitch equals the outside 
diameter, theo the outside diameter multiplied by the pitch must equal 
the number of teeth + 2, and then the pitch must equal the number 
of teeth + i divided by the outside diameter, which, expressed as a 
formula, is: 

■ N + 2 

= P (14) 

D, 
in which y^number ot teeth In gear; D,=: outside diameter; P= dia- 
metral pitch. 

Example. — Given a gear of 36 teeth and 31/e-lnch outelde diameter; 
to find the diametral pitch. 
36 (the number ot teeth) + a = 38. 
38 4- 3 1/6 = 12, the diametral pitch of the gear. 

Pitch Diameter. 

1. Having given the outside diameter and the pilch, to find the pitch 

diameter. The distance from the pitch diameter to the outside dlam- 

1 
eter ia — , as explained In formula 
P 

1 
A=— (4) 

P 
and as this is to be added on each side of the center, the outelde diam- 

2 
«ter of the gear must be equal to the pitch diameter plus — . If this 

P 
2 
Is so, then — flubtracted from the outside diameter will give the 

P 
pitch diameter, or 

D.qit.zeaOvGoOt^lc 



18 SPUR GEARING 

8 

D=D, (IB) 

P 
In which D = pltch diameter; D, = out;alde diameter; P = diametral 
pitch. 

Example. — Glveu a gear 31/6 Inches ontslde diameter and 12 pitch; 
to find the pitch diameter. 

31/6 inches (the outside diameter) — 2/12 = 3 Inches, the pitch 
diameter of the gear. 

2. Having given the outside diameter and sumber of teeth, to Und 
the pitch diameter. Multiply the outside diameter by the number of 
teeth, and divide by the number of teeth plue 2. 

We have shown in formula (5) that the outside diameter equals 
the number of teeth + 2 divided by pitch, or 
If +2 

D,= (6) 

P 
and In formula (13) that pitch eqnate the number of teeth divided by 
tta« pitch diameter, or 

N 
P = — (13) 

D 
Now, If the outside diameter equals the number of teeth ploa 2 
divided by the diametral pitch (and the diametral pitch equals the 
number of teeth divided by the pitch diameter), then the outside diam- 
eter must be equal to the number of teeth plus 2, divided by a traction 
with the number of teeth as numerator and the pitch diameter as 
denominator. This is simply subBtltutIng the value of the pitch as 
shown In formula (13) for the pitch In formala (5), and expressed aa a 
formula. Is: 

W + 2 

'~"jV+ D 

J/ 
Multiplying both aides of the equal sign by — we have 



and now, multiplying both sides by D. w« have 

and dividing both sides by W + 2 we get 

D,X2f D,XN 

= D,otD= (16) 

W+2 N+2 

In which D^ pitch diameter; ?7^ number of teeth; !},=: outside dlam- 

ExampJe. — Given a gear 3 1/6 Inches ontslde diameter and 36 teeth. 
To find the pitch diameter. 

3 1/S (the outside diameter) multiplied by 36 (the number of teeth) 
equals 114. 36 (the number of teeth) + 2 = 38. 114 (D, X N) divided 
by Z8 (N + 2) =3 inches, the pitch diameter of the gear. 
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Number of Te«tb. 

1. HavlDg given the pitch diameter and pitch, to find the number ot 
teeth. Multiply the pitch diameter by the pitch, and the product will 
be the number ot teeth in the gear. 

The diametral pitch of a g«ar equals the number of teeth for each 
Inch of pitch diameter; hence, It we multiply the pitch hr the num- 
ber of Inches of pitch diameter we will have the number of teeth In 
the gear, which, expressed as a formula. Is: 

W = PXD (17) 

In which F = diametral pitch; D = pitch diameter. 

Example. — Qlven a gear 3 Inches pitch diameter and 12 diametral 
pitch, to find the number of teeth. 3 (pitch diameter) multiplied br 
12 (diametral pitch) = 36, the nomber of teeth In the gear. 

2. To find the number of teeth, having given the outside diameter 
and pitch. Multlplj' the outside diameter by the pitch and subtract 
2, or 

N=(D, ; 
In which V=: number of teeth; D,= 
pitch. 
This formula is simply the reverse of formula 
K + 2 

= D, (5) 

P 
If the ontslde diameter eqnals the number of teeth + 2 divided by 
the pitch, which we have already proved, then the number of teeth 
plus 2 must equal the outside diameter multiplied by the pitch, and 
subtracting 2 from this result we have the number of teeth In the 
gear. 

Example.— <3lven a gear 3 1/B Inches outside diameter and 12 pitch, 
to find the number ot teeth. Multiply 3 1/E (outside diameter) -by 12 
(the pitch) and we have 3S, and subtracting 2 from this result we 
have 36, the number ot teeth in the gear. 

Outside Diameter. 
To Hud the outside diameter having given the pitch diameter and 
pitch. Divide 2 by the pitch and add to the pitch diameter, or 



In which D, = outside diameter. 
D == pitch diameter. 
P = pitch. 

1 
The addendum of a gear Is ~ [formula (4)] and this, added on each 
P 
aide of the pitch diameter, gives the outside diameter. 

Example. — Given a gear 3 Inches pitch diameter and 12 pitch; to find 
the outside diameter. 



G) 



3 ditch diameter) plus 2/12 ( — | =31/6 inches, the outside 
diameter of the gear. 
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Bummary of Formulas. 
Having Efyen tbe general principles of the proportions of gear teetb, 
we win now group the formulas (which we have proved to be cor- 
rect) under one head, ao that they may be more easily found when 
wanted. 

In the following formulas, 

P =: diametral pitch. 

P,^ circular pitch. 

D ^ pitch diameter. 

D,^ outside diameter. 

N = number oC teeth In one gear. 

n = number of teeth In mating gear. 

A = addendum. 

T = thlcknees of tooth at the pitch line. 

B = full depth of tooth. 

C = distance between centers. 

F = clearance. 

3.1416 Z.1G7 

P, = (1) E = (10) 

P P 

3,1416 E = 0SS6eP, (11) - 

'•=-;- '" »+» 

0= (1!) 



A = — 




(4) 


JT + Z 




P 






P = 


(14> 


W + 2 






Di 




A = — — 




(5) 


a 




P 






D = D, 

P 


(IB) 


0.167 

F = 

P 


A 

S 


(6 and 7) 


D,XN 
D = 

y + z 


(16) 


P, 




(8) 


2f = PXD 


(17) 


2 






W=(D, XP)— 2 


(18) 
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CHAPTER III. 



. DESIGN AND OALOULATION OF QEAE WHEELS. 

The complete calculations required for the design of a pair of Bears 
according to the usual ahop practice are few and simple, and It 1b 
proposed to put these calculatfona Into eaaitj'-uiiderstood form In the 
present chapter. The calculations ahould be made In the following 
manner; First — Find out If the gears are intended to give a certain 
velocity ratio between two shafta, or a certain power ratio between 
the shafts; and, assuming the number of teeth In one gear, make the 
number of teeth In the other gear such as to bave the reguired ratio 
to tbe number of teeth In the Bret gear. Second— Assume the pitch of 
the gears, and calculate the pitch diameters of the two gears, and the 
distance between the centers of the shafts. Third— Calculate the width 
of face required to give the gears proper strength. Fourth — La? out 
the gears and the tooth forma. The relations of these several steps one 
to another are such as to make some assumptions necessary, and these 
depend upon the Judgment and experience of tbe designer, especially 
when the distance between the shafts Is approximately settled, and cer- 
tain ratios are to be obtained without materially changing the shaft 
centers. In tbe case of the younger designers, however, these assump- 
tions are ell made beforehand and given to them with Instructions 
to lay out tbe gears. The several steps will now be taken up and 
eacb explained. 

Speed Batloe. 

Fig. 10 represents two shafts connected by a pair of spur gears. A 
being tbe driven sliatt, and B, the driving abaft. If shaft A is required 
to revolve half as fast as shaft B, it Is easily seen that the gear on A 
must be twice as large, and, being of the same pitch, must have twice 
as many teeth as tbe gear on B. It n and n, represent the number of 
teeth In each gear, respectively, we bave the proportion, 

K :* = «:«, or =v. 

If, now, a third shaft were to be driven by gears from shaft A, we 
would assume A to be the driver revolving ]/ times a minute, and by 
the above proportion determine the revolutions of tbe third shaft, and 
so continue indefinitely for as many shafts as are geared together In 
any one train. Thus follows the rule: The, speed of the last shatt 
eijnals the speed of the first shaft mullipUed 6v the proiluct of the 
number of teeth in the driving gears and divided 6jf the product of 
the nufnDer of teeth of the driven gears. 

Power Batlos, 

In case a certain ratio of power is wanted, we shall And aome sort 
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of a crank or pulley, the radius R at which la known, upon the power - 
shaft B, and upoa the driven shaft there will also be some sort of a 
crank, pulley or drum, the radius r of which Is known. We can now 
make the equation (referring to Fig. 10): 



This eipreasion may be made general by following through as before 
from shaft to shaft, and may be given as the following rule: The 
power, multiplied by the potMr arm, timei the pradvct of the number 
of teeth in the driven, geari, and divided by the weight arm timet the 
product of the number of teeth in the driving gears, efptals the vxight. 

Fig. 11 shows In tabular form several different forms of gear trains 
with their formulas for speed and power ratios. It Is to be noted that 








\x\ • 


k 


1 


1X1 = 


i 


1 —— • 





in place of using the numbers of teeth In these ratios we may use tbe 
pltcb diameters of the gears, but as these diameters are very often 
expressed In fractional parts of an Inch, while the number of teeth is 
always a whole number, it fs found more convenient to use tbe latter. 
Idlers are often used, as shown In the sketch In section S, Fig. 11, 
and they have no effect upon either the speed or power ratios. Tbey 
are Introduced either to connect two shatte where the great distance 
hetween centers would Involve very large gears it geared directly 
together, or to effect a change In direction of motion, as may be seen 
by the arrows In Fig, 12. An Inspection ot this engraving proves the 
rule that an even numl>er ot Idlers does not change tbe direction ot 
motion between two shafts, while an odd number of Idlers reverses the 
direction of motion. 
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Pitch Diuneters. 
Havlne deteimlned upon the Telocity or power retlo required ol our 
gears, the Dezt step Is to determine the two pitch diameters of the 
gears. To do this It iB necessary to assume the pitch of the g«ars. and 
this assumption depends upon the Judgment and experience of the 

GOc5b(5t) 

Fii. la. miutrBdon of the Bfl*ot or idian. 

deelgner, although very often it may be confirmed by comparison with 
gears of about the same size and doing about the same work as thoM 
to be dealgned. After assuming the pitch and finding the pitch diam- 
eters, a calculation for the strength of the geara will show whether 




Pig. 



the flBHumed pitch is right, and if it then proves to be too small or 

too large, the calculation may be repeated with another assumed pitch. 

Pitch of Oeare. 

It Is first necessary to understand nhat Is meant by the pitch of a 
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gear, and Its relation to the diameter. This hui been explained In the 
previous chapter, but in order to make the present discussion a com- 
plete whole by Itself, the most Important definitions and tormulaa have 
here been repeated. Fig. 13 shows a gear o( twelve teeth (such. a 
small gear is often called a pinion), and the names of the different 
parts are clearly indicated. As will be seen, the circular pitch Is the 
distance on the pitch circle from a point on one tooth to the corre- 
sponding point on the next tooth. The circumference of the pitch 
s DBtaRuiNma oaoBii pitoh. 



Number 


Coutant 


Nmnbtr Ck 


atttut 


Kumbw CoD-taot 


of Teeth. 


K. 


of Teeth. 


E. 


oETMth, 


K. 


18 


.858 


81 


108 


62 


059 


18 


.839 


82 


097 


54 


057 


14 




83 


094 


56 


055 


15 


^807 


34 


093 


68 


053 


16 


.195 


35 


089 


60 


0S3 


17 


.184 


36 


087 


83 


049 


18 


.178 


87 


084 


64 


048 


19 


.165 


88 


083 


66 


045 


SO 


.156 


89 


080 


68 


044 


SI 


.148 


40 


078 


70 


043 


22 


.141 


41 


076 


75 


041 


38 


.186 


43 


075 


80 


089 


U 


.180 


48 


078 


m 


086 


25 


.125 


44 


071 


90 


034 


W 


.120 


45 


069 


95 


082 


87 


.115 


46 


067 


too 


031 


28 


.112 


47 


066 


135 1 


035 


29 


.107 


48 


06.1 


150 . 


019 


W 


.104 


49 


068 


175 ] 


017 






SO 


061 


200 


015 



circle is equal to the pitch multiplied by the number of teeth and 
dividing this by 3.1416 gives the diameter of the pitch circle, or 



3.1416 
when, D = the diameter of the pitch circle, 
j> = the number of teeth, 
P,^ the circular pitch. 
After having determined the pitch diameter and drawn the pitch 
circle, we must divide the pitch circle Into as many equal parts as the 
number of teeth, or, what Is the same thing. lay otf the circular pitch 
upon the pitch circle. In the case of a small pinion, such as Fig. 13, 
this may be most easily done by trial with a pair of dividers. It very 
often happens, however, that a gear Is so large as to make this method 
Impracticable, because only a portion of the gear, showing a few teeth, 
will be drawn. It thus becomes necessary to have some method of 
accurately laying off the circular pitch upon the pitch circle when 
only a portion of the circle Is drawn. From Fig. 13 it Is evident that 
If we set our dividers to the circular pitch, end attempt to step off the 
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apaceei, wbat we eball actually be stepping off will be chords instead 
of circular arcs, and tbe resultlne arcs will be greater than the circular 
pitcb. In very large gears this error ie very Hmall, but In ordinary 
gears It Is quite appreciable, and tbe dividers should be set to tbe 
cbord pitch. Table V has been computed to enable the chord pitch to 
be easily determined, as tbe pitch diameter multiplied by the constant 
K, opposite the number of teeth In tbe table, equals tbe chord pitch. 
Belatlon between Number of Teetb, Pitch, and Pitcli Diameter 
of Qe&rs. 
Molded or rough-cost gears are usually designed by circular pitch, 
but cut gears are designed by what Is known as diametral plteh. Since 
the number of teetb bears a fixed relation to the pitch circumference, 
and the pitch diameter bears a fixed relation to the pitch circumference, 
it follows that tbe number of teeth bears a fixed relation to the piteh 
diameter. This being so, we may divide the pitch diameter expressed 
In inches by the number of teeth, and the result will be what le termed 
the diametral pitch. It Is also evident that if the number of teeth 
bears a fixed relation to the pitch circumference and pitch diameter, 
the circular pitch and diametral pitch must have soma fixed relation 
to each other. These different relations are most conveniently given 
for use as follows: 

Circular pitch = /", Disinetral pitch = P 
P,N W 

D= D = ~ 

«■ P 



D* N=PD 

21 = 2f + 2 

-Pi D, = 

Dt = D + 0.6P, P 

D + D, P,N, D + Ui K. 

- ~ 2 2ir ~ 2 2P 

Relation of Circular and Diametral Pitch. 

P,P = it P, = — P = — 

P P. 

w = 3.1416, 
P, = circular pitch, 
P = diametral pitch, 
D = plteh diameter, 
D,^ pitch diameter of mating gear, 
i>, = outside diameter, 
,V = number of teeth, 
N, = number of teeth In a pair of gears = sum of tbe teetb in each 

gear, 
C = distance iKtween centers of shafts. 

When designing cut gears It is not necessary to lay out the form of 
the teeth, as these are formed by the gear-cutting process, and It is 
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01U7 necessary ror the deBlguer to calculate tbe pitch diameters that 
will give the required ratios, and then ta find the outside diameter of 
the blank from which tbe gear Is to be cut. For such gears diametral 




pitch Is a great convenience, as the relations of pitch, diameter' and 
number of teeth are so simple. 

Strength of Teeth and Width of Faoe. 
Before proceeding further, It is well to know if our aaaumed pitch 
for the gears will give strong enough teeth without requiring a wider 
face than Is practical, and It becomes necessarj' to know the force or 
power transmitted by the gears. The most convenient way to do this 
Is to get the force in pounds which Is carried by the gear at the pitch 
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line. In ng. 14, let It be supposed that the power ratio Is such as to 
make It Just possible to move the load Q with a force P upon the crank. 
Then the force W at the pitch line of the gears will be, 
PR 
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Having found W we may calculate the required width of face for our 
gears having the asBumed pitch, and If the required face proTea to lie 
loo wide, we shall have to assume a larger pitch, In order to get 
stronger teeth. The moat widely used formula for the strength of 
gears la that proposed by Mr, Wilfred Lewis and given in Kent's hand- 
took, page 901, as 

W= 8PFT, ' 

in which W^ force on pitch line in ponnde, 

P;= circular pitch, 

j5^ allowable fiber stress for the material used, 

F=width of face of gear, 

r^ variable from Table VI. 
B may be assumed as 3,500 pounds for cast iron, and 8,000 pounds 
for cast steel, and as the pitch has been already assumed, the formula 
may be changed to give the required width of face thus. 



SPY 
Substituting tn this formula the values already obtained for W, f>, 
P, and Y, we find the required face for the gears, and If this is too 
great, a larger pitch must be used. 

Chart for Strengrtb of SpurGeare. 

The accompanying chart, Fig. IB, for the strength of spur gears, 
enables problems to he solved easily and quickly, and the result of any 
changes in pitch or face to be quickly seen. The heavy line with the 
arrows shows the method of working out the problem for a BO-tooth 
gear as stated in the upper right-hand corner of the chart The chart 
also shows the safe working loads for ditCerent speeds as given by 
Mr. Lewis, Enter the chart on the left at the number of teeth; then 
follow over to the diagonal line for the pitch of the gear, then up or 
down to the diagonal line tor the allowable liber stress for the mate- 
rial ot which the gear Is to be made, then over to the diagonal line Cor 
the face of the gear, then dawn, and read the load in pounds that the 
gear will carry at the pitch line. If the load to be carried and the 
number of teeth required are known, the chart may be entered at each 
end, that is, at the numher of teeth and at the load, and by then 
following each way, the face required for a certain pitch, or the pitch 
required for a certain face are easily seen, and thus the beet combina- 
tion of face and pitch tor any case is easily determined without any 
calculations. 

Laying out tbe Tooth OutUnes. 

Having gone through the steps described previously, we shall know 
the pitch diameter, pitch, number of teeth, and face of the gear to be 
designed, and arc ready to lay out the gear and tooth outlines. As has 
been mentioned In Chapter I, two forms of teeth are in general use, 
the cycloldal and the Involute, each having its champions among able 
designers. The Involute form has the advantage ot being the more 
easily ground to an approximately correct tooth form in the rase ot 
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molded gears, and of running well with a small deviation Irom the 
true distance between centers. The Involute torm only will be coneld- 
ared, aa It is believed that this form te becoming very much the more 
common of the two. The tooth outlines are most conveniently laid out 
by the nse of an odont<«raph Uble (Table VII), In which the dlmen- 
sloDs shown In Fig. 16 are given In terms of the pitch. Two gears are 
shown In mesh with a rack — that on the left showing the method of 
laying out a gear having from 12 to 36 teeth, and that on the right 
showing the method for a. gear having 36 teeth or more. 



AMD OONBTAHTB FOR I. 



9 OrT QBAB TBBTB. 



Otroutar Ptteh. 


1 


Diametnl Fitch. 


8 X pitch. 

0.4 X pitch, below 1". 

0.875 X pitch, above 1". 

0.88 X pitch. 
0.47 X pitch. . 
1 X pitch. 


b 

b 

s 

T 

f 


1 + pitch. 
1.1S + pitch. 



BuitlpUbrMumbworTewh. 


HulUply by Ifumber of Teeth. 


Pitch. 


A. 


B. 


Pitch. 


A. 


B. 


%■■ 


0.08 


0.015 


1" 


0.136 


0.063 


X' 




0.017B 




O.IOO 


0.060 






o.oa 


li" 


0088 


0.041 




0.04fi 


0.0325 


0.071 


0-085 






0.035 


2" 


0.062 


0.081 




0.08S 


0.027S 


3M" 


0.066 


0.028 


1^" 






S^:: 


0.060 


0.026 


0.06S 


0.OBJB 


0045 


0.033 




0.07 


0.085 




0.042 


0.021 




0.075 


0.0876 


!«■■ 


0086 


0.018 




0.08 


0.04 


0,081 


016 


l^' 


0.086 


0-0425 


6" 


0.036 


o.oia 












m" 


0.095 


0.0*75 








2H" 




0.06 









When laying out a molded gear, dret draw the pitch circle of a 
diameter equal to the pitch diameter previously determined. Draw the 
point circle outside the pitch circle, and a distance from the pitch 
circle of 0,3 times the pitch, and draw the root circle inside the pitch 
circle and a distance from the pitch circle of 0.4 times the pitch. These 
two distances are given as a and 6, respectively, in Fig. 16, and In 
Table VII It will be seen that as the point is 0.3 of the pitch outside 
the pitch circle, while tbe root Is 0.4 of the pitch Inside the pitch circle, 
the teeth of the two meshing gears will have a clearance between point 
and root of 0.1 of the pitch. For gears having greater than 1-lnch pitch, 
this clearance will be greater than necessary even tor rough gears, 
and will not look well; ao (or gears above 1-lnch pitch. 0.376 instead of 
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0.4 may be the multiplier for tbe pitch, as will be found noted in the 
table. The base line Is now dr&wn at a distance 0.016 times the pitch 
diameter from the pltcb circle. Tbie base line may sometimes come 
luGlde the root circle. The pitch Is then laid off upon the pitch circle 
as before described, and the spaces thus made upon the pitch circle 
are to be divided Into tootb and space parts. The tooth part will be 
0.47 times the pitch, and the space part will be 0.B3 times the pitch, 
thus giving the tooth a small clearance In the space. We are now 
ready to draw In the tooth outlines, which are circular arcs drawn 
from centers on the base line. In tbe case of a gear of less than 36 
teeth the tooth outline will be composed of two arcs, while for all 
gears of 36 teeth or more the tooth outline is only one arc. The radii 
for these arcs are found by multiplying the. number of teeth in the 
gear by tbe constants found In tbe odontograph table opposite the 
pitch of the gear. These radii are designated In Fig. 16 and Table VII 
as A and B. In the caae of gears of less than 36 teeth the tootb out- 
line is completed by radial lines as shown In Fig. 16. 
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STRENGTH OF GBAB TEETH. 

In coDBlderlng the stretigth of gear teeth we shall, in the firet place, 
neglect the actual shape of the tooth and assume It to be rectangular 
in every section, as shown tn Fig. 17. Further, for the sake of simpli- 
city. It will be assumed that the load, P, acts on the outer circumfer- 
ence of the gear, and hence at the extremity of the tooth. If we con- 
sider the condttlone under which the load is assumed to be applied In 
actual practice, we shall find that: (1) A rough cast gear may have 
the whole load concentrated upon one corner of a tooth; or the gear 
Itself may be well made, but may bo out of alignment, due to springing 
of shaft, bad workmanship, or other causes; in this case alao the load 
may be concentrated upon the comer of one tooth. (2) The gear may 




be well made, with accurately cut or cast teeth, well mounted upon 
heavy ehafte having proper alignment. In which case the load may be 
distributed over the entire width of a single tooth. In determining 
a formula, then, tor the pitch of a gear tooth, we rauat know the kind 
of gears we have to deal with, and what considerations affect their 
strength. 

In the first case, if the gear is rough cast or placed so that the toad 
may come upon one comer at a tooth, we must conelder not only that 
the tooth is a cantilever, as in Fig. 17, but that the corner of the tooth 
. is itself a cantilever, as in Fig. 18, In which the whole load, P. Is con- 
centrated at the point, g, so that the moment tending to break the cor- 
ner ott from the tooth is P multiplied by the perpendicular distance 
from P to the line, ai; hence P X g i^Ph sin a ^bending moment. 
Now, the resistance which the tooth otters depends upon the character 
of the metal, as well as its actual section, which In the present case 



.Goo»^lc 



34 SPUR GEARING 

1b the rectangle acei. It can be ebown that the resistance at this 
corner to breaking across Is eqnal to 
h 
l/6rfXoi = l/6/C (20) 



= (22) 

f 
= ^ sin 2 a, and subBtitutfng In (22) we 

3P 

/= sinZa 

P 
When a ^ 46 degrees, we have aln 2 a = a maximum = 1 ; therefore 

8P P I^P 

/ = — ; orP=/-; and* = J-- (28) 



P, (Pi b 
OABpi = W — ; orp, = 8.6 ^ — 



For new teeth, rough cast, In which t:=0.1S p, (p, being the circular 
pitch) we have: 



'^7 



(M) 



If In any case the width of face, b, la leea than the height of tooth, 
the above formulas do not apply. In this cane we have used the thick- 
ness of tooth without coQBldering loss of atrength, due to wear; but we 
have also assumed the whole load as concentrated upon the corner, 
whereas, as wear occurs, although the tooth itself Is reduced In sec- 
tion, yet the load le better distributed, and the tooth may be actually 
stronger. 

In the casc'of rough cast Iron and mortise gears In which the whole 
load may come upon the corner of one tooth, the width of gear does not 
affect Its atrength, and there l8 no advantage, as far aa strength la 

1 
concerned. In making such a gear wider than h X , or 1.41 fc; 

aa A. the height oF the tooth, is frequently made equal to 0.7 p,, we have 

the sate width of tooth, 6 ^ 1.41 X 0.7 p, = Pi, very nearly. 

In order to prevent excessive wear, such gearing la frequently made 
so that its breadth of face b =r 2 p,. So far we have assumed that the 
tooth section was a rectangle, but in practice the tooth may have the 



vGoot^lc 



STRENGTJJ OF GEAR TEETH 35 

shape shown in Pig. 19. or that In FIe- £0. which represent a wide 
range In the strength of two gears, when accurately made and aligned, 
bnt for a load concentrated upon one corner the difference ip not BO 
marked as the shape ol the teeth would Indicate. 

Investigation shows that If the smaller of two gears has at least 18 
teetb, and not more than 60. the strength of the tootb will be practl- 
eallj' the same as that determined by the above formulas. Since these 
values may be said to represent fairly well the limits of the number 
of teeth In the smaller of two eears Id those cases where rough gear- 
ing Is permissible, we shall not at the present time discuss the Influence 
of shape upon the strength of this kind of gearing. 

Of more Importance Is the consideration of that case In which the 
load Is supposed to t>e eQually distributed between two gear teeth. 





This matter relates to the strength of all gear teetb, and we shall 
discuss Its effects In general. 

The point of contact between tooth surfaces In correct gearing can 
readily be determined when the system upon which the .gears have 
been 'designed Is known. Thus In the Involute syBtem. the point of 
contact la located on the straight line passing through the line of cen- 
ters at the point of intersection of the pitch circles, and making an 
angle with the horizontal of 14 V> degrees to 22 1^ degrees, as shown by 
P, T f in Fig. 21. 

On the other hand, the point of contact between two tootb snrtaces 
of the cycloldal system will always be upon a reverse curve, which is 
a portion of the describing circle for the faces and Qanks of the tootb: 
thus, m the Interchangeable system of 12-tooth base, i:e.. In that sys- 
tem where the smallest pair of gears in the set Is assumed to have 
12 teetb and these have radial flanks, the diameter of rolling circle 
will evidently be equal to the radius of the 12-tooth pinion: and since 
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the taotb profllee are generated by rolling tills circle upon tbe pitch 
circles of any pair of gears in the Bet, tbe point of contact will always 
fall upon the circumference of this describing circle when the center 
otthe latter lies upon the line Joining the ceaterB of the two gears, 
as shown In Fig. 23. If In Flga. 21 and 22 M'N' and R' 8' represent 
the addendum circles, -or the circles drawn through tbe tops of the 
teeth of tbe two gears, we shall bare the two loci P" T P„ of the points 
of contact, as shown in heavy llnee; that is, contact will begin In each 
case at p' and, as tbe teeth move around, the point of contact between 
the aurfaces will travel along the line or reverse curve. P" TP^, until 
contact ceases. Now, considering F^g. 22, if the pitch were eaual 
to the arc P' TP„ one tooth would Just be beginning action at P', while 
another would be quitting at P,. In practice, in order to obtain smooth- 
ness of action tbe effective height of tooth Is aanally taken at about 
slic-tentha of the circular pitch in< cast gears, and about 0.64 of tbe 




circular pitch In cut gears. If p = cHametral pitch, p' = circular pitch, 
and h = eirecUve height of tooth, we have: h = 0.6p' for cast gears; 
and 



= 0.84 p 



- for cut gears. 



We would here note that the effective height of tooth is not tbe total 
height, as an additional amount, frequently Olp' for cast gears. Is 
allowed for clearance between the root circle and tbe tops of tbe teeth 
of the mating gear. With an addendum equal to half the above height 
of tooth. It will be found that the average arc of contact for gears 
between 12 teeth and a rack, In both the Involute and cycloldal Bystems. 
has a length equal to about one and two-thirds times the circular pitch. 
In any case, by stepping off the pitch on P* T P„ Fig. 22, from both P" 
and Pi, we shall obtain the points a and J>, which Indicate that with 
perfect gearing the two pairs of teeth will be simultaneously in con- 
tact at P* and at a and will remain in contact until h and P, are 
reached; tbe distance from b to a will be traversed with only one pair 
of teeth In contact; however, In this latter case. It will be noticed that 
the leverage of the tooth Is very much reduced. For a 12-toothed 
pinion (cycloldal system), this leverage, abown Id Fig. 22 as A', is 
0.41 p'i and for a rack It Is 0.35 p'. Under these conditions, then, the 
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dtmenslona of the tooth would be determined upon the Bupposltlon that 
the whole working load la carried by ODe tooth, and that the force Is 
applied with a leverage of 0.35 p' to 0.41 p*. the conetant depending 
upon the number ol teeth. For the ISMlegree Involute eystem the 
etrective height for a 12-taothed pinion ie the same as tor the cycloidal 
Byetem, viz.- 0.41 p'. but for a 15-degree Involute rack there are always 
two teeth in contact. 

ThiB determination Is correct for all gear teeth properly shaped and 
Bpaced, hut as Mr. Wilfred Lewis has eo ably pointed out, it must he 
admitted that mechanical perfection in forming and spacing has not 




yet been reached, and that the slightest deviation in either respect is 
BUfflclent to concentrate the entire load at the end of one tooth. Even 
with cut gears the same conditions obtain, for the cutters ordinarily 
employed are correct only for a single gear, although they are used 
within certain equidistant limits for various Other geara. To what 
extent the elasticity of bronze, copper, and steel Influences the distribu- 
tion of pressure on cut gears Is not known, and It Is. therefore, unsafe 
to consider its effect. As the teeth become worn, the concentration 
of the load may be reduced, but until this wear takes place, the whole 
load should be assumed as acting at the extreme end of the tooth. 

For rough cast Iron and mortise gears, as we have shown. It Is pos- 
sible for the whole load to be concentrated on the corner of one tooth, 
and this may occur even with the best cut gears, owing to careless 
alignment, or lack of stiffness In the shafting and supports; but when 
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Iron patterns are used with accurately cut teeth, eBpeclally if tbe mold 
Is baked, or when the gear le macblae molded, or the teeth are cut, 
tbe contact ehould be fairly uniform, and tbe load evenly distributed 
across the face of the tooth. It must be understood, boweTer, that In 
many cases circumstances will arise when It Is impossible to secure 
these favorable conditions; particularly la this true when the gearing 
Is subjected to shock and variable loads. However, with careful work, 
stiff shafts and not too wide a Face, the assumption of fairly uniform 
distribution of pressure acrosa the tooth may be considered as eatli;- 
factory for general practice. 

The pressure which comes upon the tooth In the direction of the 
line of thrust (tbe common normal to the tooth surface) is greater 




than that which transmits motion, for if we resolve the force, F. along 
and perpendicular to the radius at the point of contact, P,. Fig. 23, 
the radial component, R. does not tend to produce rotation; It will, 
however, exert a pressure on the bearings, and tends to crush the 
tooth; as the compressive force has little effect upon the strength of 
the tooth, especially with cast iron gears, its influence may be neg- 
lected. The other component, or P. acts at right angles to tbe radius 
and produces rotation by Its pressure on the tooth, and thus may be 
considered as the effective working load. 

Now considering the looth as a rectangular cantilever with the load 
P uniformly distributed across the outer edRc, as In Fig. 17, the thick- 
ness, (, assumed equal to 0.49 p' — 0.02 Inch for well-made cast gears, 
may be obtained by equating the bending moment to the moment of 
resistance of tbe tootta: that Is 
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1 
Ph=rx — b(* <2e) 

6 
ABSumlns the effective height at tooth ft = 0.6p' (circular pitch); 
bre&dth of face, i)z=xp'; thickness at tooth, t = 0.49 p' — 0.02, there- 
fore (' = 0.24 (p')» — 2 X 0.0098p' + 0.0004. In which we may neglect 
the last two terms, as they will not appreciably affect the result. 
Substituting these values In (26) we have: 

fxp' x0.a4 (p)' 
P X 0.6 p' = 

X X 0.84 CP')' 



> 0.0«/a: N / 



15 P 



(28) 



For cut gears the addendum Is usually made equal to the reciprocal 
of the diametral pitch, or 1/p; but since pp'^ir:=3.14 we have 1/p 
^0.32 p', hence the effective height of tooth now becomes 0.64 p*. 
The thlckneHB of tooth in this case is 0.5 p'; therefore the load, from 

(26) is: 

I 1.5.4 I' 
P=Q.(m/x (p')'andp' = . , 



tme as those Just obtained, 
uals twice the pitch 

8, thBnp' = 3.74 J-; 


For cast gears, 


25<, thei.p' = 2.45 J-; 




8, tbenp'=2.a4 J-; 




1"^ 
8Ji- thenp' = 3.07^ — ; 





It will be noticed that the formulas thus deduced-apply only i 
rectangular teelh, as In Fig. 17. whereas In practice we have to deal 
with such forms as given In Figs. 19 and 20. la Fig. 19, the width 
of tooth Is considerably less measured on the working depth circle 
than on the pitch circle, and fracture would occur along the line 
an. where the thickness is t'. 

With a uniformly distributed pressure, P, acting at the extremity of 
the tooth as shown, the relative strength of this tooth compared with 
one of rectangular section having the unlfonn tblcknees t varies as 

I — J . Thus If a gear tooth of 1 diametral pitch (p':=3.14) meaa- 
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ures 1.52 Incb on the pitch circle and 1.34 Inch An the working depth 

circle between the points a and a, Fig. 19, the strength of the tooth 



Will be only I — -• 1 =0,78 ot 
Vl.53/ 

atant thickness l.Si 
:h at a a. Fig. 20, 

(1.7fl\' 
1=1.34. 
1.53^ 



that which It would have It the tooth 



In the same way, If the thick- 
1.76 Inch, then Its relative 



strength will b 

This auggeats a convenient method not only of ascertaining the load 
which a given gear will sustain, but also one which will give a suit- 
able pitch when the load and number ol teeth are known. 

If In the first case the pitch had been determined from formula (28). 
the tooth would have only about three-fourths of Its assumed strength 
for a given toad P, whereas In the second case, the formula would give 
a tooth about a third stronger than necessary for the same load P. 




Since the pitch varies as the square root of the pressure. It will be 
evident that if we multply the pitch in each case by the inverse ratio 

C 
of — we Bhall obtain a pitch giving the actual strength required in 

t 
both cases. Therefore, since 

1.52 1.52 

=1.14, and = 0.86, 

1.34 . 1.76 

the respective pitches will be 1.14 p' and 0.86 p'. In which 



I 15 F 



from formula (28). 

It is evident that the method of laying out the gear tooth will have 
some Influence upon Its strength; this U very clearly shown In Pig. 
24, which represents a-twelve-tooth pinion of 3.14 inches pitch accu- 
rately drawn for the four systems represented, viz: (1) cycloldal, 12 
base, i. e., the smallest pair of gears Is assumed to have twelve teeth. 
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and these have radial flanke, so that the diameter of rolling circle ie 
one-half of the diameter of pitch circle of a twelve-tooth pinion; (2) 
cycloldal, 15 base; (3) Involute, 15 degrees line of action, and (4) 
Involute. 22^ degrees lines of action. By laying out a series of differ- 
ent gears, according to the different systems represented, the exact 
thickness of t' and i may be determined graphically, from which the 



■(t)' 



values of the ratlox — - and I — I may be readily ascertained. 
f \tj 

This has been done, and the results are given in Tables VIII and IX, 
In which the ratio is preseot^d In the form ol a coefBclent correspond- 
ing to the number of teeth In the gear. 

TABLB VIII. VALUae OF COBFFIOIBKT Cp = — 
No. of Taetb in Gear Valoe of Cocfflcieat Cf 



12 


Involnt 
ISflBK. 

1.14 


»SM deg. 
1.00 


C)fclold«l Syitem 

It Tooth 16 Toot 

Ban Base 

1.12 1.33 


13- 1* 


1.10 


0.96 


1.08 


1.19 


15- le 


1.07 


0.92 


1.04 


1.10 


17- 18 


1.04 


0.88 


1.00 


1.03 


19- 21 


1.01 


0,84 


0.96 


0.98 


2S- 24 
2S- 29 


0.9S 
0.95 


0.80 
0.76 


0.92 

0.88 


0.95 

0.92 


30- 36 


0.92 


0.73 


0.85 


0.89 


37" 4S 


0.88 


0.70 


0.82 


0.86 


49- 72 


0.84 


0.68 


0.79 


0.S3 


73-144 


0.80 


0.66 


0.76 


0.80 


145 -Rack 


0.76 


0.66 


0.73 


0.77 



Combining these coeCBclente with formulas (27) and (28) we obtain 
F = 0.088/j;C, (p')' (28) 



I 15 F 



(80) 



Id the same wa'y formulas may be deduced for wooden cogs, working 
with cast Iron, by assuming the width of tooth equal to 0.6 p'. 

In these formulas, as prevlouBly stated, the effective or working 
height of tooth was used Instead of the total height, which Is always 
somewhat greater, but as the strength of the tooth varies with the 
square of Its thickness, and as this value Increases below the working 
depth circle more rapidly than the Increased height of tooth on account 
of the Sllet, we are justified in neglecting that portion of the tooth 
between the working depth and root circles, assuming that a suitable 
flilet has been used at the base of the tooth. 

The Formula here presented will give a close approximation to the 
working strength of a gear tooth when Ite pitch and number of teeth 
are given, provided we know the working stress In the material of 
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which the tootb 1b composed. ThlB la, however, such a variable factor 
that it 1b possible only to surest llmltatlona covering general condi- 
tions; and the Judgment of the designer, based on a knowledge of the 
conditions under which the gear is to work, must modify the general 
valueE, as occasion may require. Indeed, it Is much more satisfactory 
to the designer to use a general formula Involving a choice of stress 
than to employ an entirely empirical rule In which the stress Is 
nnkoown, and which offers no opportunity tor variation under varying 
conditions. 

Professor Unwln aesuineB that for cast iron f may have the three 
values 9,800, S.IOO, and 4,300 pounds per square Inch for "little Shock," 
"moderate shock," and "excessive shock," respectively, for those gears 



=(')■ 



No.otTeelhlaG 
12 12 


1'. 


IBdsg. 
0.77 


Vb1« 
BSiTBtem 
MM deg. 

1.00 


lofCoaffloiBntC. 

Cycloldal System 

.IBTooth lOToolh 

B>M Sue 

0.79 0.56 


nvi 13- 


14 


0.83 


l.OS 


0.85 


0.70 


ISy^ 15- 


16 


0.87 


1.18 


0.92 


0.83 


17M: IT- 


IS 


0.92 


1.29 


1.00 


0.94 


20 19- 


21 


0.98 


1.42 


1.08 


1.04 


23 22- 


24 


1.02 


1.56 


1.18 


1.11 


2T 25- 


29 


1.10 


1.72 


1.29 


1.18 


33 30- 


36 


1.18 


1.87 


1.38 


1.26 


42 37- 


48 


1.29 ■ 


2.03 


1.48 


1.35 


58 49- 


72 


1.42 


2.16 


1.60 


1.45 


97 73- 


144 


1.66 


2.29 


1.73 


1.56 


!90 145 - 


Rack 


1.72 


2.3» 


1.87 


1.69 



m which, from Inaccuracy of form or mounting the pressure may come 
on a comer of the tooth. For carefully fitted gearing, however, In 
which the pressure is assumed to be distributed along the whole width 
of the tootb, he suggests 4,350 and 2,780 pounds per square inch, "the 
latter to apply to cases where Uiere is some vibration and abock." 

In selecting these values he assumed that the load is divided between 
two pairs ot teeth in all cases, so that the pressure on each tootb is 
2'3P. Multiplying these several values of f by 2-3, we obtain the stress 
In pounds per square Inch, assuming the total load to be carried on 
one tooth. 

TABLfl X. VALDBS OF BTRBS8 f rOB CAST IBOM (DNWIN). 

Llltle Modernce Bicesiive 

Shock Shock Shock 

Inaccurate gearing 6.300 4,000 2,850 

Well formed gearing 2,875 1,850 

It will be noted that the real stress In the well formed gearing may 
be considerably less than that given, on account of the Influence of 
increased thickness of tooth at the base. Professor Reuleaux, In his 
"Constructor," states that the dimensions of gear wheels must, tor the 
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same pressure on the teeth, be Increased to meet sbock In proportion 
to the increase in initial velocity. For slow-running gears, however, 
he neglects this action and divides gears into two classes, viz.. hoisting 
gears, and traiiHinlEelon gears, and includes under hoisting gears all 
those having a linear velocity at the pitch circle of not more than 100 
feet per minute, and under transmission gears alt those running at a 
higher velocity. For hoisting gears he recommends a fiber stress of 
about 4,200 pounds per square inch for cast Iron, and states that an 
increase of one-fourth In the permissible stress would reduce the pitch 
only 7 per cent, but on the other Iiand, he notes that too low a value 
ot / causes unnecessary Increase in the size and weight, not only of 
the gears, but also of the bearings, frame work and other parts of the 
machine. In assuming this value ot /, Reuleaux does not consider any 
increase In strength due to increased section at the base ol the tooth, 
although he states that "the actual stress is properly somewhat less, 
because the thickness of the tooth at the base Is usually more than 
one-half the pitch as assumed in the formula," 

For transmission gears Reuleaux states that the fiber stress should 
be taken smaller for a given force P. as, when the circumferential 
velocity increases, the dynamic action of shock and vibration also 
increases. 
For cast iron he recommends 

y.eoo.ooo 
f= 

V + 2,164 
in which V is the velocity of the pitch circle In feet per minute. For 
steel he states that f may be taken 3 1/3 times, and for wood, 6/10 
times the value thus obtained. 

Arranged In tabular form this gives results as shown in Table XI. 
lABiA zi. TALuss or SAn sTsasB t roB iBANSiassioir aauiH (IURji.babxj. 
Velocity in Feet 

per Minute. 100 200 400 000 800 1000 ISOO 2OD0 2500 

For cast iron f = 4240 4060 8744 8473 8388 8084 3820 2802 2068 
Forsteel ( = 14113 18030 12407 11565 10783 10108 873S 7M5 8886 
For wood f = 3544 3486 2346 2088 1948 1820 1073 1881 1340 

Mr. Wilfred Lewis In his paper on Gearing, read before the Engi- 
neers' Club of Philadelphia, In 1893, makes the foUowmg pertinent 
remarks; 

"What fiber stress is allowable under dIRerent circumstances and 
conditions cannot be definitely settled at present, nor Is It probable 
that any conclusions will be acceptable to engineers unless based upon 
carefully made experiments. Id the article referred to, certain factors 
ere given as applicable to certain speeds, and in the absence of any 
later or better lights upon the subject. Table XII has been constructed 
to embody in convenient form the values recommended. 

It cannot be doubted that slow speeds admit of higher working 
stresses than high speeds, but it may be questioned whether teeth 
running at 100 feet a minute are twice as strong as at 600 feet a ' 
minute, or four times as strong as the same teeth at 1,800 feet a mln- 
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ttte. For teeth wblcb are perfectly formad and spaced, It is difflcutt to 
Bee Low there can be & greater difference in strengtli than tbe well- 
Itnown difference occaEloned by a live load or a dead load, or two to 
one iu extreme casea. But, for teetb as they actually exist, a greater 
dlBerence than two to one may easily be imagined from the noise 
Bometimes produced in mnnlng, and It should be said that this table 
Is submitted for criticism rather than tor general adoption. It Is one 
which has given good results for a number of years In machine design, 
and its faults, such as they may be, are believed to be in the right 
direction." 



Speed of Teeth in KW 200 800 600 000 1,300 l.BOO 2,400 
Feet per Hinnte or less 

Cast Iron 8,000 6,000 4.800 4,000 3,000 2,400 2,000 l.TOO 

Steel 20,000 15.000 12.000 10.000 7,500 6.000 6.000 4,300 

If the formulas and coefficients presented by the writer are foBowed 
In the determination of the proportions of gear teeth, the permissible 
stress may be considerably greater than the real, as determined from 
the thickness of tooth near the b&se; this accounts in a large measure 
tor the high stresses assumed to be carried by some gears. Thus, for 
instance, a gear having ality-two teeth, 3.6-inch pitch, and 16-inch (ace, 
runs at 280 feet per minute and carries a load of 22,240 pounds. The 
working stress / [s assumed to be 7,250 pounds, but it the increased 
section on the working depth circle be taken Into consideration the 
working stress is reduced to 5,200 pounds. 

WLlle high rim speed does not necessarily imply shock, yet the 
effect of shock Is more liable to be disastrous If high speed obtains, 
and for this reason the stress should diminish as the speed Increases. 
Another reason for this is found In the tact that the stress is Increased, 
due to the centrifugal force set up in the metal Itself, which varies 
as the square of velocity; while this Is not very great at ordinary 
speeds, It is still of sufficient importance to be considered for high 

The Influence of change ot load is well understood in engineering 
construction, and usually a factor ot safety is adopted for such loads 
from two to three times greater than would be the case for a steady 
or dead load, the value depending largely upon the range. of stress 
Involved. There seems good reason to believe that a similar relation 
modified by the effect ot speed should obtain in selecting a suitable 
value for the working stress in gear teeth. Prom the foregoing con- 
siderations, then. It would appear that the working value ot f should 
be chosen both with reference to the velocity and to the character of 
tho acting force. With this in view the author of the present chapter 
has deducea the following formula for working stress; 
60.000 

In which /=:the allowable stress In pounds per square inch; 
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Tsrveloclty at pitch circle in leet per minute; 
fc = a constant having tlie values: 5 for llttie sIi(m^, 10 for 
moderate Bhock. and 15 for violent sbock. 
From this formula Table XUI has been caiculated. and is offered as 



TABLB Xm. 


VAUm OF BTBB 


BS f FOR OA8T IBOM (^ 


U.THBBI. 


Velocity In P«Bt 


Value 


: StreiB In poand 




lare loch. 


P-rMinow 


LHile Shock 


Moder.te Shock 




100 


5.200 


3,400 




2,550 


200 


4.800 


3,150 




2,400 


400 


4.050 


2,900 




2.250 


600 


3.700 


2,700 




2.160 


800 


3.600 


2,600 




2,080 


1,000 


3.S00 


2,500 




2.000 


1,400 


3,100 


2,350 




■ 1,900 


1,800 


2,900 


2,250 




1,340 


2.400 


2,700 


2.160 




1,770 


3,000 


2.600 


2,060 




1.700 



a guide to the designer in selecting suitable values o( f nnder varying 
conditions. 

While the previous discussion and the tormutas given are of inter- 
est to the student of the subject of strength of gear teeth, as indl- 



TABI.! XIV. OUTUini FA.OTOBS FOB U 



I wax Lawis formui^a.. 



PKctor for Strength, F 



as 



108 



097 



Rack. 




.124 



eating what has been done and propoEed along this line. It should be 
mentioned here that the Lewis formula given on page 28 is the form- 
ula now almost exclusively used. Table XIV gives the factor Y neces- 
sary for use with this formula for a complete range of number of 
teeth, and for both Involute and cycloldal tooth-forms. 
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CHAPTER V. 



VARIATION OF THE STBBNGKTH OP OBAB 
TBBTH WITH THE VELOCITY. 

The geaerally accepted lormula for calculating the strength of gear 
teeth Is that proposed by Mr. Wilfred Lewie, first published in the 
proceedingB Of the Engineers' Club of Philadelphia, January, 1893, 
and referred to In the preceding chapter. 

The merit of_ this formula lies In the great number of variables 
taken Into account as compared with other rules In more or less com- 
mon use. and Id the fact that these variables are rationally considered. 
The effect of each of them can be calculated with some assurance, with 
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the single enception of the InlluEiice of the velocity on the safe stress. 
In the fifteen years since the formula wae first proposed, the original 
values for the Btress as affeciEd by the velocity have been largely used. 
Many designers, however, have felt that these values are rather unsat- 
isfactory, although most of them will agree that they err rather on 
the side of safety than otherwise. By referring to Mr. Lewis' original 
paper It will be seen that these values were not given as being defi- 
nitely determined, but merely as agreeing well with successful cases 
met with In his own practice. The following is a general analysis of 
the con dl (Ions Involved. 
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A variation In the Btrength rf the teeth o( a gear, due to a variation 
In the velocity, can be due, or courae, to but one thing — Impact. To 
llluBtrate this idea, and to show the cause of the Impact, we will study 
the action o( gearing under three dfHerent conditions. 

1. Gear* of on imaginarj/ undeftectable material. — In Fig. 26 U a 
diagram In which the horizontal diBtances give velocity In feet per 
minute, and vertical dlBtances give strcssea tn pounds per square inch, 
starting In thU case at 4,000, which Is assumed to be the maicimum 
fiber stress In the gear we are considering, due to the load at the pitch 
line, which is supposed to be constant at all speeds. If the teeth of this 




gear are perfectly formed and well fitted together, so that there Is no 
back lash. It the power is delivered to tbem steadily and smoothly, and 
the mechanism they drive rung without shock, any disturbance of the 
even movement will be Impossible, and Impact will be entirely absent. 
In the diagram In Fig. 1, then, there will be no rise of maximum fiber 
stresses with the velocity, so that the horizontal line A will show the 
conditions for this Imaginary case. 

2. With comTnfrcial material and theoretically accurate workmaii- 
ahip. The conditions In this case are shown In Fig. 26, with all the 
phenomena greatly exaggerated. The full lines show the conditions 
under load, while the dotted outllnea show the conditions when the 
load Is removed from the driven gear. The teeth A„ B,, and A,. B,, 
carrying the load, are deflected by It, as shown. Tooth B, Just about 
to come Into contact with tooth A, la o& that account sbifted from its 
normal position; It should be located as shown by the dotte;d lines. If 
it were tn this position, it would come In contact with tooth A under 
mathematically perfect conditions, and there would be no shock of en- 
gagement. As It Is, the two come suddenly into action as shown at E, 
under difCerent conditions than those contemplated by the design, thus 
the contact takes place in the form of a slight blow, after which the 
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teeth are deflected more and more, until tbey have taken up their share 
of tbe load, as shown later at A, and B,. If the gears are moving very 
Blowly, the deflection takee place very slowly, and the problem Is prac- 
tically a static one. It the gears are runnlDg at a high Telocity, the 
problem becomes essenlially a dynamic one, and the stresses are greater 
Chan with the slow speed. The Increase in stress with the Increase in 
speed for this second case could probably be represented by a tine 
something like C, in Fig. 25. < 

3. With commercial materials and commercial accuracy. This Is, 
of course, the practical case to consider. A IlDe to show the relation 
of the velocity (o the maximum fiber stress tor a given gear, vould 
very probably look something like D In Fig. 25. This Is. in fact, approxi- 
mately the line which embodies the conclusioDS of the Lewis tables for 
a statlb stress of 4,000 pounds. It Is considerably higher than line 
C, t)ecause Impact due to irregular tooth outlines Is added to the Im- 
pact due to the deflection. 

Practical Consida rations AffectlD^ Dealsn. 
The fact that the variation of the strength with the velocity Is due 
to Impact, su^ests also a namber of points relating to design. 

1. Value of accuracv. It Is evident that this theory of Impact puts 
a premium on accuracy in workmanship for gears that are to run at 
high speed under a heavy load. It Is probable that the strength of a 
given pair of gears may be cut in two if the tooth outlines are not 
carefnlly determined, and if the cutter Is not set centrally. This sug- 
gests the desirability of a greater sub-dlvlslon of the standard cutter 
series for work of this kind. 

2. Resilience of design and materials. In high-speed gearing it Is 
evident that the shock due to the Impact should be absorbed as quickly 
and as fully as possible. This suggests the use. at abnormally high 
speeds, of rawhide, wood, etc., for one of the members of the pair of 
gears. The Introduction of spring couplings or similar devices may 
also be desirable, e9i:EClally where the other parts Of the mechanism 
are liable to transmit shock to the gearing. 

3. Easing off the jjo'nts of the tooth. There has always been a 
sort of superstition that the points of the tooth should be eased olf to 
make the action smoother. This Is done, of course, in standard Involute 
gears, though For another reason, that of avoiding Interference with 
the Banks of the plnloua. It can now be seen that there Is a solid 
Imsis for this practice In all cases where gears are to run at such 
speeds that severe Impact Is liable to take place. Referring to Fig, 26. 
teeth A and B are taking up the load very suddenly, owing to the fact 
that they are out of step, due to the deflection of the other teeth 
momentarily carrying the load. Easing away the points of A and B 
would mitigate this sudden reception of the load, allowing the Inevitable 
deflection to take place more slowly, with a consequent gain in the 
strength «f the gear at high speeds. 
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No. 10. Examples of Maciiinb Shop Practice. — Three chapters on Cat- 
ting Bevel Gears wltb a Rotary Cutler, SiJlndle Construction, and the Making 
of a Worm-Gear. The descriptions oC the operations are profusely illustrateJ, 
demonsit rating the value of the eamera for telling the story of machine ahop 
work, and for graphic Instructlona In the methodH of machine shop practice. 

No. H. BEAHiNoa. — Design of Bearlnps, Hot BcarlnES, Oil Grooves and 
Fitting of Beatings, Lubrication and Lubricants, and Ball Bearings. 

No, 12. Mathkmatical Phinciplks of Machine Desiqn.— The matter pre- 
sented la almost entirely the work of Mr. 0. F. Blake, a name very tainlllar to 
tlie readers of MACiirsEiiT. Draftsmen and designers will find the chapters on 
the Efficiency of Mechanisms and Notes on Design full of valuable susgestlone. 

No. 13. BijisKiso Diss. — Contains chapters dealing with Blanking Dies In 
general, the Design of Dies for Cutting Stock Economically, Split Dies, and 
General Notes on Die Making. 

No. 14. Dktait.s of Machine Tool Dehigij. — Contains chapters on the deter- 
mination of the Diameters of Cone Pulleys, thg ItMation between Cone Pulleys 
and Belts, the Strength of Countershafts, and Tumbler Gear Design. 

No. 15. Spl'k Geabino. — Contains chapters on the First Principles of the 
Action of Gears, the Arithmetic of Spur Gearing, Formulas for the Strength of 
Gear Teeth, and the Variation of the Strength of Gear Teeth with the Velocity, 

No. 16. MxciiiNB Tool Dkives. — Contains chapters on the Speeds and 
Feeds of Machine Tools; Machine Tool Drives; Single Pulley Drives; and 
Drives for High Speed Cutting Tools. 

No. 17, Stuenotii or Cvi.i.ndkhs.— Deals with the subject of strength of 
cylinders against internal hydraulic or steam pressure. Formulas, tables and 
diagrams are given to facilitate the design of such cylinders. 

No, 18, ABirnMETic kob tiir Machinist.— Among the various subjects 
treated are the itllowing: The Figuring of Change Gears; Indexing Movements 
for the Milling Machine; Diameters of Forming Tools; and the Turning of 
Tapers. Simple directions ar« given for the use of tables of sines and tangents. 

No. 19.' Use of Fob.mulas in MECHANics.^This pamphlet Is adapted for the 
man who lacks a fundamental knowledge of mathcmallcs. It opens with a 
chapter on mechanical reading In general, and proceeds to explain thoroughly 
the use of formulas and their application to general mechanical subjecta. 

No. 20. Spihai. Gkabi\o. — A simple, but complete, treatment of the subject, 
from a practical point of view, giving directions for calcuiaCIng and cutting 
bellcal, or, as they are commonly called, spiral gears. 

Lack of space prevents a description of the following very useful and In- 
teresting pamphlets: — 

No. 21. Measueinq Tools. — No. 22. Caix:ulati0N8 of Elements of Ma- 
cniKE Desion. — No. 23. The Tiieobt of Cbane Design.— No, 24, Examples of 
Calculating Designs. 

' other pamphlets in the series will be announced in machinery 
from time to time, 



The IndustriaJ Preae, Publishers of Machinery, 
49-56 Labyette Street, New York City, U. B, A. 
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Reference Series to present the very best that has been published on machine 
design, construction and operation during the paat fourteen years, selected from 
Macuinf.sv, classified and caiefully edited by Macuikery'm stalf. 

Bach book measures 6x9 inches, standard size, and contains from 32 to 
as pages, depending upon the amount of space required to adequately cover Its 
subject. The books are flrst-claafi in every respect — printed from new tyire and 
engravings, on good paper, with wide margins to allow for binding the books 
In sets, should this be desired. The price of each book is only 25 cents, and 
It Is possible to secure them on even more favorable terms under special oSers 
Issued by Machikbby's Circulation llepartment, which will be sent to any one 
on request. 

The success of this Reference Series was instantaneous, and copies of the 
books that have been published so far are now widely distributed In machine 
shops and motal-working plants everywhere. The first edition of this treatise 
— "Shop Arithmetic lor the Machinist" — w;\s exhausted in a few weeka, and 
of this second edition 10,000 copies are printed 

CONTENTS OF REFERENCE BOOKS. 

No. 1. WonM Grabimi. — CalculatinR Dimensions for Worm Gearing: Hobs 
for Worm-Gears; Location of Pitch Circle; Self-Locking Worm Gearing; etc. 

No. 2. Dra(tisg-Roi).\i Practkk.— Drafting-Room System; Tracing, Let- 
tering, and Mounting; Card Index Systems. 

No. 3. Dbili. J los.— Elementary Principles of Drill Jigs; Drilling Jig 
Plates; Examples of Drill Jigs; Jig Rushings; Using Jigs to Best Advantage. 

No. 4. Mtiiitto FiXTiiBES. — Eleinontary Principles of Milling Flx( tires; 
Collection of Examples of Milling I'ixture Design, from practice. 

No. Fi. First Phini ii'j.kw of TiiKoiihrrn ai, Mkciiankw. — Tntrodui'ps theoret- 
ical mechanics in a manner suiU'd to the practical man. 

No, S. Pr.NCii AM. Dit: Wort li.— Principles of I'liuch and Die Work; Sur- 
gestlons for the Making and Use of Dies; Examples of Die and Punch Design. 

No. T- L-VTIEK AND Pj.ANKH TooT.s.— (hitting Tools for Planer and Latbe: 
Boring Tools; Shape of Standard Shop Toois; P'orming Tools, 

NO. S. WoRKiNO Drawings anu Draftisq-Room Kinks.— Principles of Mak- 
ing Working Drawings; Drafting Tools; Draftsmen's Kinks. 

No 9. Dkkuiniko anii Ci'-itino Cams. — Drafting of Cams; Cam Cnrvps; 
Cam Design and Cam Cutting: Suggestions in Cam Making. 



,Goot^lc 



MACHINERY'S 
REFERENCE SERIES 



EACH PAMPHLET IS C»IE UNIT IN A COMPLETE 

UBRARY OF MACHINE DESIGN AND SHOP 

PRACTICE REVISED AND REPUB- 

USHED FROM MACHINERY 



No. 18-SHOP ARITHMETIC 
FOR THE MACHINIST 

Bv Erik Oberg. 
Second Edition— Teh 



CONTENTS 
Introduction ------.._ 3 

Figuring Tapers ----.-- 5 

Setting Over Tail-SliK-k for Tapt-r Turning - 13 

Cutting Speeds and Feeds - - - - . - 16 

Trains of Gears - - - 20 

Lathe Change Gears 26 

Speed of Pulleys - - - - - - - 31 

Indexing Movements for the Milling Machine - - 34 

Change Gears for Milling Spirals 3O 

Square and Square Root - - - ... -40 

Use of Formulas - - - 43 

Use of Tables of Sines, Cosines, 'I'angents and Cotangents 47 



Goot^lc 



MBiGooi^lc 



INTBODUOnON. 



In tlie tollowlDg, some of Uie most cominoii shop Btibjecta reaulrlng 
Btmple calculation B have been treated, and speclnl efforta have been 
made to treat each Bubjoct aa simply aa powlble, bo tbat the preaent 
treatise may be of service to thoee, particularly, who have not pre- 
vlonaly acqnlred a great amount of knowledge abont handlltig tlgnras, 
and who are not familiar with mathematical' azpreaalona and naagea. 
In order to Hx the processea and rules more firmly In the reader's mind, 
examples have been given In almoet all Instances, and la many cases 
a number of similar examples hare been glren, so as ta permit the 
repetition of the same calculation a number of timea. All formulas 
In the first part of the pamphlet hare been written out la words, 
as this gives a better Idea about what the formula actually means, at 
least to those not familiar with handbooks. Mathematical signs have 
also been avoided In the text to a certain extent, and the correapond- 
Ing words have- been written out In fall. la short, all precautions 
have been taken to present the methods In as plain aad simple 
language as possible. Many text-books deal with principles rather 
than with specific examples, aad to a person who Is not used to solving 
problems of the kind that are met with in the machine shop, It Is often 
dtfflcnit to apply the principles Involved to each particular esse. The 
purpose of this book has therefore been to select the most common 
Bpedflc cases, and show directly how the principles ars applied. 

While the subject In hand has been treated to accommodate the 
rsqutrements of those who demand a book that Is plain and simple. 
It has been necessary to presuppose fundamental knowledge In regard 
to the use of numbers In calcnlatloas, that is, the reader must be 
fairly competent to add, subtract, multiply, aad divide whole numbers 
and decimals, and also have some fundamental Ideas ot the use of 
common fractions. If such knowledge has been acquired, no dlfflcalty 
will be experienced in making use of the rules and formulas given. 

It Is assumed tbat the reader Is familiar with the common mathe- 
matical signs, + (plus) which signifies addition, — (minus) which 
bignlfies subtraction, X (times) whlcb signifies multiplication, and 
-i- (dlvldsd by) which signifies division, as well as with the sign = 
(equals) which Is put between quantities which are equal to one an- 
other to signify this condition. But It may be appropriate to call 
attention to the dlSerent methods conmionly used for Indicating divi- 
sion, as these may not be clear to all. Usually, as we already have 
said. In arithmetic, division Is indicated by the sign -i-, so that we 
have, for Instance, 

12 -H 3 = 4. 

A more common method in technical works, however, is to simply 
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- = 4. 



In that case the fraction tndlcateB a dWlsion. This eyfltem will be 
followed In many of Uie following formulaB, and It should therefore be 
remembered that the line bettoeen the nvmerator and denominator In 
a fraction tUways indicate* a division, the nuaterofor to be divided by 
the denominator. 

The ftctual dlTleion, however, U not neceasarlly worked out In ererj 
ca.ei where division Is tlius Implied. When two dlvlBionB are multt- 
pUed together, cancellation, and the following operations of addition 
or subtraction, may make the actual numerical work very simple. 

Allhoiit;h htiowleilge of common rractiona 1b presupposed, as men- 
Lluiioil. It may be well at this point to mention the rules for mulllpllca- 
tion and itlviBion of common tractions, as in the following many 
operations of this kind must be made. Two tractions are multiplied 
by multiplying numerator by numerator and denominator by denom- 
inator, Inumerator being the vpper, and denominator the lower quan- 
tity la a fraction). For instance, let it be required to multiply U by 
%. We have then, 

1 8 1X3 3 

4 8 4X8 32 
If the numbera to be multiplied contain whole numbers, these are 
tfrst converted into fracUons. Let It be required to multiply 1^ by 
3Vi. We have then 

1 1 5 13 65 1 

4 4 4 4 16 16 

Division Is simply the reverse of muUl pit cation. The number Which 
1;^ to be divided is called the dividend, and the number by which we 
divide 1b called the iliviaor. If one number Is to t>e divided by another, 
We simply invert the divisor, and proceed as in mvltiplication. To 
invert the dtvlBor means that we place the denominator as mtmerator. 
and the numerator as denominator, as, for instance, 3/8 Inverted Is 8/3. 
Suppose that we wish to divide % by 7/16. We have then, 

3 7 3 16 48 20 5 

4 16 4 7 ~ 28 28 ~ 7 

If the number to be divided contains a whole number besides a fr*o- 
lion, we first convert this to a fraction, and then proceed as before. 
Suppose that we wish to divide 2V1 by 3%. We have then. 



After this introduction, we are ready to take up some of the most 
commonly occurring shop problems, and sppl? to them the prtnclplea 
gt general arithmetic 
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PiaURINa TAPEBS. 

In all circular or round pieces of work, the ezproBsions "taper per 
Inch" and "taper per foot" mean the taper on the Mtmeter, or tba 
dtflarence between the smaller and tbe larger diameter of a pi60e, 
Dieaaured one Inch or one foot apart, aa the case maj be. Suppose 
In Fig. 1 that the diameter at A le one inch, and the diameter at B. 
one and one-half Inch, and that the dfatance or dimension between A 
and B is 12 Inches or one foot. Thle piece, then, tapers one-halt incli 
per foot, because the diflerence between the diameter at A, one Inch, 
and at B, one and one-half Inch, Is one-half Inch. In Fig. 2, the diam- 
eter at C Is 7/lS Inch, and at Z>, H Inch, and the distance between 
C and D Is one Inch. This piece of work, therefore, tapers IAS inch 
per Inch. Tapers may also be espreBsed for other lengths than an« 
Inch and one foot In Fig. 3, the diameter at IE Is m Inch, and at F, 
1 9/32 inch, and the dimension from E to F Is 5 inches. This piece of 
work, therefore, tapera 6/32 Inch in G inches, the diflerence between 
I 9/32 and 1 1/9 being 5/82. 

If we know tbe taper in a certain number of Inches, as for Instance, 
that the taper in 5 inches Is 6/32, It Is easy to find the taper per inch. 
It is clear that the taper per each Inch Is one-Sfth of what tta« taper 
Is In 6 Inches. We only divide the taper in G inches by 6, and we 
eet the taper per inch. In this case, dividing G/32 by G would give 
us 1/32. If we now want to And the taper per foot we only tuTe to 
multiply the tape^ per Inch by 12. It Is dear that the taper per foot, 
or the taper In 12 Inches, Is 12 times the taper In one Inch. In this 
case, therefore, the taper per foot would be equal to 12 times 1/32, or 
% Inch. 

The problems met with In regard to figuring tapers may be of 
three classes. In the first place we may have given us the flgnrae for 
the large and small end of a piece of work, and the length of the 
work, as in Fig. 4, and we want to find the taper per foot. In the 
second place we may know the diameter at one end, the length of the 
work, and the taper per foot, as in Fig. G, and we want to find the 
diameter at the other end of the work. In the third place we may 
know the required diameters at both ends of the work, and the taper 
per foot, as Id Fig. 6, and we want to find the dimension bstwsen the 
given diameters, or the length of the piece. We will now treat each 
of these problems In detail. 

1. To find the taper per foot when the diameters at the large and 
<inall ends of the icork, and the length, are given. 

Referring to Fig. 4, the diameter at the large end of the work is 2% 
Inches, the diameter at the small end, 2 3/16 Inches, and the length 
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of the work 7 Incliea. The taper to % inches Is then equ&l to the 
dUference between 2^ Inches and 2 3/lS IncbeB, or 7/16 inch. The 
taper In one Incli equals 7/16 dlTldei] by 7, or 1/16 Inch; and tbe taper 
per toot is 12 times the taper per Inch, or 12 times 1/16, which equals 
% Inch. The taper per foot In out case in Fig. 4, then, eanalB K Inch- 
U tbe dimension between Uie small and the large diameter Is not 
expressed In even Inches, but Is 6S/16 Inches, for Instance, as In 
Fls, 7, the procedure Is exactly the same. Here the diameter at the 
large end Is 2.216 Inches and at the small end 2 Inchee. The taper 
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In 6 3/16 Inches Is, therefore, 0.216 Inch. Thla Is divided by BS/K 
to find the taper per inch. 



0.216 -^ 



- = 0.216 H = 0.218 X — = 0.0116. 
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The taper per Inch, conseqaently equals 0.0116 Inch, and the taper 
per foot la 12 times this amount, or almost exactly H Inch. 

Slxpressed In a formnla, if all dimensions f^ven are in tnchei, tha 
preTioUB calculation would take this form: 

Urge dla—Hiull d[a. 
IflOgUi of work 

It makes, of course, no difference If the large and small diameters are 
measured at the extreme ends of the work or at some other place on 
the work, provided the length or distance between the points wh«r« 

■ 3I' 
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tbe diameters are given. Is stated. In Fig. 8. the smaller and larger 
diameters are glvea at certain diatances from the ends of the work, 
but the dimension from (? to H la given, and tbe figuring la carried 
out exactly aa U the work were no longer than between Q and B. The 
following examples will tend to show how the figuring of the taper 
per foot enters tn actual shop work. 

Example 1. — Ftg. 9 shows the blank for a taper reamer. The dlam- 
eten at the large and email enda of the fiutes, and the length of the 
Anted part, are stated on the drawing. It Is required to find the taper 
per foot in order to be able to aet the taper turning attachment of the 
If the. 

Referring to the figures given in Fig. 9, the difference In diameters 
at the large and smalt ends of the taper Is 16/64 Inch. This divided 
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by tbe length of the flute, 1% Inchea, givea us the taper per inch. 
This we find to be 1/32. Tbe taper per. foot la 12 times the taper per 
inch, or, In this case, then, % Inch. The taper attachment of the 
lathe is, therefore, set to the %-Inch graduation, and the taper turned 
wUl be according to the diameters given on the drawing. 

Example 2.— iFlg. 10 shows a taper clamping bolt, entering Into the 
design of a special machine tool. As seen from the cut, the drawing 
calls tor a diameter of 2% Inches a certain distance from the large 
end of the taper, and for a diameter of 2.542 inches a dlatance 4 Inches 
further down on the taper. The taper in 4 Inches Is then 2% inches 
minus 2.G42 inches, or 0.333 Inch. The taper In one Inch equals this 
divided by 4, or 0.0833. The taper per foot Is 12 times the taper per 
Inch, or 12 times O.0S33, which equals ooe Inch, almost exactly. The 
taper to which to turn the bolt in Fig. 10 la thus one Inch per foot. 

2. If the diameter at one end of the taper is given, and also tht 
Jenoth of the work and the taper per foot, to find the diameter at the 
other end of t\e toorfe. 

Referring to Fig. 6, the diameter at the large end of the work la 
1% inch, the length of the work te 3^ inches, and the taper per 
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foot iB % Inch. We now want to Qnd the diameter at the small end. 
In this case we simply reverse the method emplojred In onr prevloas 
problems, wbei-c we wanted to And the taper per foot In thia case 
we know that the taper per toot la equal to % Inch. The taper In one 
Inch must be one-twelfth of this, or % Inch divided by 12, which 
equals 1/16 Inch. Now, the taper in 3^ Inches, which we want to 
And In order to know what the diameter Is at the small end of the 
work, must he 3% times the taper in one inch, or S'A times 1/16. 
which equals 7/32. The taper In 3Vi Inches, then. Is 7/32 tacb, which 
means that the diameter at the small end of a piece of work, 3H 
Inches lone, is 7/32 inch smaller than the dtameter at the large end. 
The diameter at the large end, according to onr drawing. Is 1% Inch. 
The diameter at the small end, being 7/32 inch Bmaller, Is therefore 
1 13/32 inch. 



1 formula, the previous calculation would take this 
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anuil] end = 
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/'taper per toot 



sngth of work I. 



If we now take a case where the dtameter at the small end is given, 
BB in Fig. 11, and the diameter at the large end is wanted, the flgnrlng 
is exactly the same, except of course, we add the amount of taper in 
the length of the work to the small diameter to find the large diam- 
eter. When the large diameter Is given, we subtract the amount of 
taper in the length of the wdrk to find the amall diameter. This Is 
so self-evident that no dlfflcultles ought to be experienced on this 
account. 

Heferrlng again to Pig. 11, where the email diameter Is given se 
1.636 inch, the length of the work as 5 Inches, and the taper per foot 
as ^ Inch, bow large Is the large diameter ol the work? If the taper 
per foot Is U Inch, the taper per Inch Is Vi divided by 12 which equals 
0208, and the taper in 5 inches consequently 5 times 0.0208, or 0.104 
Inch. The diameter at the large end of the work, which kg are figur- 
ing, is, then, 0,104 inch larger than the diameter at the small end. 
The diameter at the small end Is given on the drawings as 1.636 Inch; 
adding 0.104 Inch to this, we get 1,740 Inch as the diameter at the 
large end. 

Expressed In a formula, the previous calculation would take this 
form: 

/taper per fo 



dia. at large end = diB, at amall end + 1 
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It mar again be well to call attention to tbe tact tbat It makea no 
dl&erence wbether tbe large and small diameters are fleured at tbe 
extreme ends of tbe work or at some otber points, as long aa tb* 
diameter to be found is located at one end of tbe length dimension, 
and tbe diameter stated on tbe drawing on tbe otber. Tbus, In Fig. 
12 tbe diameter stated at I Is given a certain distance up on tbe 
taper, and the diameter at K, wblcb is wanted, Is not at the end of 
tbe taper. But the dimension S^i Is given between the points 1 and E 
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where these diameters are to be measured, and In figuring, one ma; 
reason aa U the work ended at I and K, tba diameter at I being tbe 
small diameter, the diameter at K, tbe large diameter, and G^, Inches 
tbe total length of the work. The following examples of direct prac- 
tical application to shop work will prove helpful In remembering the 
principles outlined. 

Example 1. — ng. 13 shows a taper tap, the blank for which is to be 
turned. The diameter at the large end of the threaded part is 3^ 
Inches, as given on the drawing, the length of tbe thread Is 6^ inches, 
and tbe taper per toot Is % Inch. We want to find the diameter at 



H 



tbe small end, In order to measure tbts end and ascertain tbat tbe 
tap blank has been correctly turned. 

Tbe taper per foot being % Inch, the taper per Inch 1b % divided 
by 12, or 1/16 inch. The taper in 6^ Inches Is E^< times tbe taper In 
one inch, or 6^ times 1/16 Inch, which equals 13/32 Inch. Tbe taper 
In 61^ inches being 13/32 Inch means that the diameter at the small 
end of the tap blank Is 13/32 Inch smaller than tbe diameter at the 
large end. Tbe diameter at tbe small end Is, therefore, 3 3/32 inches. 

Example St. — ^Flg. 14 shows a taper gage tor a standard Morse taper 
No. 1. Tbe diameter at the small end Is 0.356 Inch, the length of the 
gage part is 2% inches, and the taper per toot O.GpO inch. We want 
the diameter at tbe large end, in the first place In order to know what 
«lze stock to use for the gage, and later for measuring this diameter, 
when turned, to t,ee that the taper turned is correct. 
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A taper of 0.300 per foot, gives na a taper ot 0,060 per Inch. In 
2% tncbee the taper equals 2% times O.OBO, or 0.119 Inch. This added 
to the diameter at the small end gives as the diameter at the Urte 
end: 0.356 + 0.119 = 0.4TG Inch. 

Example 3. — Pig. 15 shows a taper bolt nsed as a clamp bolt. The 
diameter 3^ laches Is given 3 Inches from tbe large «id of the taper. 
The total length of the taper Is 10 Inchea. The taper la % inch per 
foot. We want to And the diameters at the extreme large and sinall 
ends of this piece. 

We will first find the diameter at the large end. The taper per foot 
being % Inch, the taper per inch equals 1/32 inch. The taper )n 3 
Inches Is consequently 3/32. This added to 3^ Inches will give na 
the diameter at the large end, which la 3 11/32 inches. 

To find the diameter at the amall end, subtract the taper in 10 
Inches, which is 10 times the taper in one Inch, or 10 times 1/32, which 



■ 



equals 5/16, from the diameter 3 11/32 Inches at the large end. Thla 
gives na the diameter at the small end 3 1/32 Inches. 

We can also find the diameter at the small end without prevlonilir 
finding the diameter at the extreme large end. The total length of the 
taper Is 10 Inches, and the dimension from where the diameter 3U 
Inches Is given to the large end Is 3 Inches. Consequently, the dlmea- 
Blon from where the diameter Z'A inches is given to the small end Is 
7 Inches. The taper in one inch was 1/32 incl^; lu 7 inches, therefore, 
7/32 inch. The diameter at .the small end of the work Is 7/32 inch 
smaller than Zy^ Inchee. or 3 1/32 Inches, the same as found prevloualr 
when we figured from the extreme large diameter of the taper. 

3. To find the distance iietioeen tioo given diametera on a tapered 
piece of wotJc, if the taper per foot is knoton. 

Referring to Fig. 6. If the diameters at both ebds of a tapered piece 
are known, together with the taper per foot, it is required to find the 
length of the work. AsBume that the diameter at the large end ot the 
piece is 1.750 Inch, and at the small end, 1.400 Inch. The taper per 
foot is 0.600 inch. How long Is this piece of work required to be. Id 
order to have the given diameters at the ends, with the taper atatedT 
We know that the taper per foot Is 0.600 Inch. The taper per inch 
is then 0.600 divided by 12, or 0.060 Inch. Tbe difference in diameters 
between the large and the small ends of the work is 1.7B0 — 1.400, or 
0.360 Inch, which represents the taper In the length of the work. 
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Nov, ve know tliat the taper 1b 0.050 Inch In one Inch. How manr 
Inches doea it tben require to get a taper of 0.3EO InchT This we find 
br seeing how many Umes 0.060 la contained In 0.S5D, or, In other 
words, br dividing 0.860 br 0.060, which glTes ns 7 as answer. Thla 
means that it takes 7 Inches for a piece of work to taper 0.S60 Inch. 
If the taper Is 0.600 per foot. The length of the work conseqneutlj' la 
7 Inches in the case referred to. 

Expressed In a formula the preTtona calculation would take the 
form: 

die. at larce end - dia. at small end 

lenBti of work «: — 

taper per (cot -•- IS 

The taper per foot divided by 12, as given in the formula ahove, of 

1 3C «*«»•''"* 

¥—^ w=^ 




conrse simply represents the taper per Inch. The formula may there- 
fore be written: 

dia. at large end — dfa. at amall end 

length of work = 

taper per inch 

A few examples of the application of tbese rules will make tlielr 
use in actnal shop work clearer. 

Example 1. — A taper reamer. Fig. 16, for standard taper pins, hav- 
ing U Inch taper per toot. Is to be made. The diameter at the large 
end of the flutes 1b wanted to be 0.720 inch. The diameter at the point 
of the reamer muat be 0.680 Inch, in order to accommodate the longest 
taper plna of this si» made. How long should the fluted part of the 
reamer be made? 

The taper par toot Is 0.260 Inch, and the taper per inch, conseqnentlr, 
0.260 divided by 12, or 0.0208 Inch. The taper in the length of reamsr 
required la equal to the dlfFerence between the large and the small 
diameter, or 0.720 — 0.680 equals 0.140 inch. This amount of taper 
divided by the taper in one Inch gives the required length of the flutes. 
Thus, 0.140 divided by 0.020B equals 6.731, which represents the length 
of flutes required. This dimension is nearly 6% Inchee, and, being a 
length dimension of no particular importance. It would be made to an 
even fractional part of one inch. 

Example 2.— In Fig. 17 Is shown a taper master gage intended for 
inspecting taper ring gagea of various dimensions. The smallest 
diameter of the Bmalleat ring gage Is W Inch, and the largest dlam- 
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eter of the largest ring gage te 2% Inchee. The taper per foot la l^i^ 
Incli. It iB required that the maeter gage extends one Inch outside of 
the gagea at both the amall and the large enda, when these are tested. 
How long should the gage portion of this piece of work beT 

The taper per toot Is 1^ Inch, which Is equivalent to % Inch taper 
per inch. The total taper from J. to B In Pig. 17 Is i% mlnuB 1%, or 
one Inch. Therefore, as the taper per Inch, '^, Is contained In the taper 
of one Inch In the distance from J. to B exactly 8 times, the dimension 
from J. to B la 8 inches. The gage extends one inch beyond A and B, 
respectirely, at either end, and the total length of the gage Is, there- 
fore, 10 laches. 

Bulea tor Figuring Tapers. 

If we formulate the prevlouB dlacuaslon for figuring tapers iDto 
rnleB, these may be stated as follows: 

1. If the taper per foot la known, the taper per Inch is found by 
dividina the toper per foot by 12. 

2. If the taper per Inch Is known, the taper per foot Is found by 
vtuUipljfing the taper per inch by 12. 

5. To And ths taper per foot, when the diameters at the laige and 
Rmall ends and the length of the taper are given, subtract the amall 
dkmuter from the large, divide the remainder by the lenirth of the 
taper, and mwltlply the retvlt by 12. 

4. To And the diameter at the small end when the diameter at the 
Urge end, the length of the taper, and the taper per foot are given, 
Mvlde the taper per foot by 13. multiply the result by Ihff length of 
the taper, and subtract tAe remlttng dimension from the Alameter at 
the large end. 

b. To find the diameter at the large end when the diameter at the 
small end, the length of the taper, and the taper per foot ar« given, 
divide the taper per foot by 12, mitltipJv the retult Jty the length of 
the taper, and add the retulting dtntentlon to the diameter at the 
tmdll end. 

6. To find the dimension between two given diameters of a piece 
of work, when the taper per foot is given, tubtnict the diam«ter at 
the amol) end from the diomsfer at the large end, and divide the 
remainder by the taper per foot divided by 12. 

7. To find how much a piece of work tapers in a certain length, 
when the taper per foot la given, divide the taper per foot by 12, and 
Multiply the retult by the dimenjfon of the certain length in which 
the taper is required. 
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SETTINO OVER TAIL-STOCK FOR TAPER TUBNlNa-. 

Wlien Ui« tail-atock of the lathe 1b set over lor turning tai>er, In 
COMB where no taper turning attachment Is available, the amonnt to 
Bet over the tall-etock can be determined, if tiie taper per foot of the 
work, and the length, are known. Suppose a piece ot work la 7H 
Inches long, as shown In Pig. 18, and that the taper per foot 1b % 
Inch. We first require to know how much the work titers In 7% 
Inches. According to our previous discussion, Rule 7, page 12, we find 
that tbe work tapers % divided by 12, ttmea 1%, or 1S/8S indi In 
7H Inches. The purpose of setting over the tall-stock la to make the 
front of the work come parallel with the travel of the lathe carriage. 
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or, which Is the same, parallel with the center line of the lathe aplndle, 
as Bhowu In ng. 19. It Is clear, upon examination of Fig. 20, where 
the dotted lines Indicate the original position of the work, that In 
order to get the front side of Uie work parallel with the center line 
of the aplndle. Its small end must be moved forward a dlatanoe equal 
to one-half the taper in the length of the work. This forward move- 
ment Is accomplished by moving the tall-stock over an amount equal 
one-half of this taper, aa shown at a. Fig. 19. In the case in Fig. 16, 
where, as we have found, the taper in the length of the work is 16/38 
Inch, the tall-stock should be moved 16/64 Inch sldewaya In relation 
to the spindle of the lathe. 
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If tb« dlamet«TS at both the large and the email dnde of the work 
are given, ve can determine the amount to set over the tail-stock vltb' 
out knowing the taper per foot, because all we need to* know la tbe 
amount of taper fn the length between the centers of the lathe. In 
Fig. 21, for instance, the diameter at the large end of the work is IH 
Inch, and the diameter at the small end la 1^ Inch. The amount to set 
over the tail-stock will be one-half of the difference between 1^ and 
1«, or H inch. 

If part of the work Is tamed straight, and part of It turned taper, 
«s shown in Ffs. 22, we must determine the amount of taper in tke 
whole length of the work, and tben set over the tall-«tock one-half of 
Ihla amount. In Fig. 22 the piece of work shown is 1% Inch at the 
■mall end of the taper. It Is then turned taper for 4 Inches, and la 
1% Inch in diameter at the large end of the taper. It is then turned 
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straight for the remaining 6 inchea, the total length of ths work being 
10 Inches. In this case we must first find out what the amount of 
taper would be In 10 inches. If the whole piece had been turned taper, 
with the same taper as now required for 4 Inches. The taper in 4 
Inches is 1^ — 1%, or % inch. The taper in one inch is coneequentlr 
1/16 inch, and in 10 Inches % inch. The amount to set orer the tall- 
etock la one-half of this, or 6/lS Inch. 

If In the case in Fig. 22, tbe diameter at the small end had not been 
given, but the taper per foot of the tapered part been stated instead, 
tbe diameter at the small end would first have been found according 
to Rule 4, page 12, and then the taper In the total length of the work, 
and the amount to set over the tail-stock, would have been found 
<'xactl7 as Indicated above. 

U we state what has previonsly been said In formulas, we would 
get, tor the case when the taper per toot and the length of the work 
are known: 



1 /'lapar per 



foot 
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SETTING TAIL-STOCK FOR TAPER TURNING 



BV)r fhe CAM Id Fig. 21, y 



over tull-atock ~ 
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Flsallr, lor the case in Fig. 22, we would taare: 
i large and of taper — dla. • 



small end 



: Uagth I 



length of taper 

For tboM wbo pralOT Tules In words to formnlBs, tlie foUowlng m]ea 
have beeo fonnulated; 

1. To find the unount to set over the tall-etock for work tapering 
for tts full length, when the taper per foot and length of the work 
are known, divide the taper per foot by 12, mulHplji the retult by Me 
Unfftk of the work, and divide thii remit, fn turn, by 2. 
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2. To find the amonnt to set over the tall-etock for work tapertng 
for Its full length, when the diametere at the lai^ and small endis are 
known, tubtract the tmall diameter from the large, and divide the 
remainder bj/ 2. 

S. To And the amonnt to eet over the tall-stock for work partlr 
tapered and partlr straight, when the diameters at the large and small 
ends of the taper, the length of the taper, and the total length of the 
work are known, subtract the email diameter from the targe, divide the 
remainder by the length of the taper, multiply the reault th\u obtained 
(y the total length of the work, and ftnally divide by 2. 

The following examples will help to give s clear Idea of the applica- 
tion of these rulee, 

Xtrample 1. — The taper pin shown in Fig. 23 is 8 inches long, and 
tmera U inch per foot. How much should the tall-stock be set over 
wbsn turning this pin? 
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■ DlTldlns the uper per toot by 12 gives ne 0.0208. MnltlplTing this 
Bgore (which represents the taper per inch) br 8 gives ua 0.166 as 
the taper in 8 Inches. Dividing this br 2 gives ub the anunint reqntrad 
to Bet over the tall-stoch. This amount, then, Is 0.083 loch. 

Example 2. — Another taper pin, Fig. 24, Is 1 Inch in diameter at tta« 
large end, and 13/16 inch at the small end. How much should the tad- 
stock be set over for turning this pln7 

The total taper of this pin is found by subtracting the diameter at 
the email end, 13/16 Inch, from the diameter at the large end, 1 Inch. 
This gives us a remainder of 3/16. One-half of this amount, or 3/32 
inch, represents the amount which the tail-stock should be set over. 

Examvle 3.— A taper gage, as shown In Fig. 2B, Is to be turned by 
setting over the tailnstock. The diameter at the largo end of the 
taper Is 2U inches, the diameter at the small end Is 1% inch, the length 
of the taper, 8 Inches, and the total length, 12 Inches. How much 
should the tall-stock be set overT 

Sabtracting the diameter at the small end, 1% inch, from the diam- 
eter at the large end, 214 Inches, gives us a taper of ^ Inch In 8 inches. 
Dividing >^ by 6, gives us the taper In one inch, which Is 1/16 Inch. 
Uultlplying this with the total length of the work, 12 Inches, gives us 
% Inch, which, divided hy 2, gives us, finally, the required amount to 
which to set over the tall-stock. This latter is, therefore, set over % 
inch. 



CHAPTER III. 

CUTTINa BIPEDS AND FEEDS. 

There is a certain mathematical relation between the diameter at 
the work turned In a lathe or on a boring milt (or the diameter Ot 
the drill, or hole drilled. In a drill press), the number of revolutions, 
and the cutting speed of the work or tool. This relationship Is simple, 
a^d can be easily explained. 

The cntting speed of a tool Is the speed with which the tool passes 
over the surface of the work operated upon, counted in so many feet 
per minute. Thus, if the point of a lathe tool passes over the surface 
of a casting turned In the lathe at a rate of 40 feet per minute, this 
figure expresses the cutting epeed. Of course, the tool point is really 
stationary, and It is the casting surfoce that passes by the tool point, 
but It Is customary to say that tbe "tool passes over the work," as It 
actually does In a shaper. for Instance, 

The feed of a tool Is Its sideways motion for each revolution or 
stroke of the work. Thus In a lathe. If the feed Is 1/16 inch. It means 
that for each revolution of the work the too] moves along the lathe 
bed 1/16 Inch, so as to cut a chip 1/16 Inch wide. In a planer, the teed 
wo-jld mean the amount the tool-carrying bead is moved sideways tor 
eacl. complete stroke of the tabla or platen. 
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Cutting Sp«*d8. 

Th« problems whicb meet the machinist in regard to cutting speeds 
mar be divided up In two groups; If the diameter of tbe work Is 
known (whlcb, of couree, can always be, at least approximately, meoa- 
nred), and a certain cutting speed Is required, how many revolutioni 
per minute ought the work to make; and, it the diameter of the work 
and the number of revolntlons are known, what Is the cutting speed? 
We will now deal with each of these problems in the order Uiey come. 

L The diameter of the work turned in a Jathe or boring mill (or 
the diameter of the drill, or drilled hole. In a drill preai) and the 
regtiired cutting speed are Known. Bovr many revolution* per mittbte 
should the vork makef 

Assume that the diameter of the work Is 6 Inches, and the required 
cutting speed 40 feet per minute. When the diameter of a piece of 
work is known, its circumference equals the diameter times 3.U. 
Therefore, the circumference of the work In hand la 15.7 inches. It 
IseTldent, that for each revolution of the work the length of its cir- 
cumference passes by the tool once. Thus, for each revolution 15.7 
inches passes by the tool. An the cutting speed Is expressed in feet, 
this length should also be given In feet, and not in Inches, when we 
figure. To transform 1G.7 Inches into feet we divide by 12, thus 
obtaining 1.308 feet as the circumference of the work. How many 
revolutions, each represented by 1.3D8 feet, does It require to get a 
cutting speed of 40 feet? This we evidently get by finding how many 
times 1.30S feet is contained In 40 feet, or, In other words, by dividing 
44 by 1.30S. Carrying out the division gtves us 30. G revolutions per 
minute, as required to obtain a cutting speed of 40 feet per minute with 
a piece of work 5 Inches In diameter. 

The calculation carried out above is expressed, shortly, by the for- 

Dnmb« of revolution. p«r m,n«t. = ^""-'"f ^pe^dln fegt. pr minuf 
Vwork in inches '^ '■'*/ *" " 

A few «xamplea may tend to make this formula clearer. 

Example 1. — A tool steel arbor Is turned, using an ordinary carbon 
steel for turning. The diameter of the arbor Is 2 Inches. The cutting 
speed, in feet per minute, ought to be about 18 feet How many revo- 
lutions ought the work to make per minute? 

The diameter of the work, 2 inches, multiplied by 3.14, gives us a 
drcumterence of 6. 28 Inches. This circumference, expressed In feet, Is 
obtained by dividing 6.28 by 12, getting 0.523 as a result. The cutting 
speed per minute, IB feet, divided by the circumference (or the dis- 
tance traveled for one revolntloo) gives us the number of revolutions. 
Thus 18 divided by 0.523, which equals 34.4, represents the proper 
number of revolutions for a piece of work 2 Inches In diameter, being 
cut at a rate of IS feet surface speed per minute. 

Example 2.— A brass rod, 1 Inch In diameter, is being turned. The 
proper cutting speed for this material Is 100 feet per minute. How 
many revolutions, should the work make? 
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The circumlerence of the work In Inchea 1b 3.14, oDd expressed In 
feet, 3.14 divided hj 12, or 0.262. The cutting speed, 100 feet, divided 
by 0.262 gives ns 3S2 revolutloos, approximately, as the proper number 
of revolutions. 

Example 3. — A ^-Inch drill, cutting cast Iron, mar cut at a speed of 
40 feet per minute. How many revolutions ought It to make? 

TJe circumference In feet equals ^ times 3.14 divided by 12, or 0.131. 
This divided In 40 gives ua approximately 306 aa the proper number 
of revoluttona. 

2. The number of revotutiona which the work makes In a lathe or 
lining mill, or the number of revolution* of the tool in a drill pre»t, 
and the diameter are known. What is the cutting specif 

Assume that the work Is a tool steel stud, 4 Inches In diameter, and 
revolving at a speed of 16 revolutlouB a minute. The circumference 
of the work Is figured as before, and transformed into feet. The cfr- 
cumterence. In feet, equals. In this case,. 4 tlmsa 3.14 divided by 12, 
or 1.05 foot. This Is the distance traversed by tbe tool for each revo- 
lution. For 16 revolutions the distance traversed Is evidently 16 tlmee 
greater, or 16 times 1.05, which equals 16. S. As the work makes 16 
revolutions a minute, and during that time the tool traverses 1G.8 
feet on Its surface, that means that the cutting speed Is 16.8 feet per 
minute. 

The calculation carried out above Is expressed by the formula: 



cutting apwd Id t( 



The following examples will tend to make clear the use of this 
formula: 

Example 1. — A east iron pulley, the rim of which Is being turned, 
revolves In tbe lathe at a rate of 6^ revolutions per minute. The 
diameter of the pulley is 23 Inches. What Is the cutting speed? 

Tbe circumference of this pulley In feet equals 23 times 3.14 divided 
by 12, which Is 6.02. Multiplying the circumference by the number 
Oi' revolutlone, 6^, gives the cutting speed. We have, then, 6.02 times 
6.5, equate 39.13, which Is the cutting speed in feet. 

Example 2. — A one-Inch drill, cutting tool steel.' revolves at a rata 
Of 60 revolutions per minute. What is the cutting speed? 

The circumference of the drill. In feet, is 3.14 divided by IS, or 
0.262. This mnltlpUed by the number of revolutions, 60, gives na 
15.72 feet as the cutting speed of the drill. 

Bules for Calouiallng- Cutting' Spoeds. 

What has been previously stated In formulas, may be expressed in 
rules "as follows: 

1. To find the number of revolutions per minute, when the diameter 
of work (or drill) in inches and the cutting speed In leet per mlnnts 
are known, muiuply the diameter T>ii 3.14, and divide the remit by IS; 
then divide the cutting speed by the figure thus obtained. 

2. To find the cutting speed in feet per minute, when the diameter 
of the work (or drill) In Inches, and the number of revolutions per 
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minute are slven, multiply the iUameter Cy 3.14 and diviAe the retttU 
hV 12; then muUipjjf the remit tkua obtained by the number of revo- 
hitiofu per minute. 

F«ad or Cutting Tool. 

The feed of tbfl cutting tool enters but little In the calcuUttona 
that a machlnlflt would be required to make. The most common ques- 
tion Into which the feed enters Is the time required for turning or 
planing a certain piece of work. In tble case both the cutting speed, 
or the number of reTolutlons per minute, and the feed would have to 
be considered. 

Suppose for Instance that a tool steel arbor Is S Inches In diameter; 
tbat Its lengUi la 10 Inches; that the cutting speed of the work is 
18 feet per minute; and that the feed of the cutting tool along the 
work Is 1/16 inch per revolution. How long time would It require to 
take one cut over the surface of the work?' 

We Bret find from our dtscuaelon on the cutting speed, and from 
Rule 1 on previous page, that the revolutions per minute of the work 
equal 34, approximately. As the tool feeds forward 1/16 InCh tor 
each reToiution of the work. It Is ted forward 84/16 or 2^ Inches in 34 
reTolutlons, or in one minute. The time required to traTerse the 
whole length of tbe work, 10 Inches, will evidently be found by find- 
ing how* many times 2^ is contained In 10 Inches, or. In other words, 
by dividing 10 by 2^^. The result of this division Is 4.7 minutes. 
It would therefore take 6 minutes, approximately, to traverse the 
worit once with the cutting speed and feed mentioned. 

Expressed in a formula, our calculation would take this form: 

iota] length aE work (or length of cnt) 
LFoIdtions per mlnute'X fe«c3 per revolntion 

Bxpreesed as a rule, the formula takes this form: 

To find the time required for one complete cut over the work, when 
the feed per revolution, the total length of the cut. and the number 
of revolutions pe^ minute are gtven, divide the total length of the o»t 
btf flie number of revalvMont per minute multiplied by the /eed per 
revotutfon. If the cutting speed Is given, originally. Instead of the 
numlMr of revolutions. And the latter number first from Rule 1, 
page 18. 



time required for one cut over the work n 
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TRAJN'B OF GEARS. 

Suppose that we have two shafts A. and B, as shown In Fig. 26, and 
that we want to connect these ehalts by gears so that tbe eh&tt A la 
making one revolution while shaft B makes three. In order to do 
this we must place a gear on A. having three times the number Of 
teeth as compared with the number of teeth In the gear on B. The 
■tud with the lai^r gear will always run slower than the stud with 
a smaller gear. Suppose that we have 90 teeth In the gear on A, "nie 
gear on B must then only have 30 teeth, because the gear on A was to 
have three tlmea the number of teeth In the gear on B. Xiacli time 
the gear on B turns around oae complete revolution. It engages SO 




teeth In the gear on stud A, It Is then plain that it must turn around 
three complete revolutions In order to engage all the 90 teeth of the 
gear on A, or, in other words, turn around three times in order to turn 
the gear on A once. The numbers expressing the relationship between 
the number of times one gear revolves, to the corresponding number 
of times the other revolves, is called the ratio of the gearing. Thus, 
in the present case, the ratio Is 3 to 1, one gear revolving 3 times, 
while the other revolves once. 

When the ratio of the speed of studs or shafts is given, It Is possible 
to And the gears which will cause the gears to run at the required 
speed. In Pig. 27, suppose that shafts O and D are required to run 
In a ratio of 5 to 1, that is, shaft C Is to revolve E times, while shaft 
D revolves once. What gears should we select to make the shafts 
run as required? If we place a 20-tooth gear on shaft O, the gear on 
shaft D should have 5 times as many teeth, or 100. Then it wiU 
revolve but once, when the gear on C revolves 5 times. 
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tlut we put geara with the number of teetli mentioned on the stitittE. 
Now the distance between the shafta may be auch that the Sean 
would not reach together. We can then place an intermediate gear 
E, mounted on atud F, In the train, which meahee with the gears on 
both C and D. The Intermediate gear aiTnplj/ transmit* motion from 
the gear on C to lAe gear on D, and does not ftove any infuence an 
the relative speed ratio. When the Intermediate gear Is Ineerted, the 
gear on C Btlll revolvea B times while the gear on D revoIveB once. 

If we placed a number ot Intermediate gears, E, F, and O, In the 
train, as In Fig. 28, the reeult would atlll be the same, the gear on O 
would turn 5 times while the gear on D turned once, as long as the 
cumber of t«eth in the gear on D Is G times the number ot teeth in 
the g«ar on 0. 




In order to prove this, let us aasume that in Fig. 28, as before, the 
gear on stud O has 20 teeth, and the gear on stud D, 100 teeth, bo 
that consequently the Btud C makes 5 reToIutlons, while etud D makes 
one. The Intermediate gears, E, F, and O, have 60, 40, and 40 teeth, 
respectively, as shown in the cut. Now, when the gear on D turns 
around once, the gear O must turn 2^ times (100/40 = 2^4). The 
g«ar F, having the same number ot teeti aa gear O, makes one revo- 
lution while O makes one, and consequentlr also turns 2^ times while 
the gear on D turns once.- The gear on E. having 60 teeth, turns 4/6 
p( a revolution while gear F revolves once (40/50^4/5), and conse- 
quently, while F makes 2Vj revolutions, gear E makes 2 1/2 X 4/5 = 
5/2 X 4/6 = 2 revolutions. Thus E turns twice while the gear on stud 
D revolves once. Finally, the gear on C turns 2% times to each revo- 
lution of gear E (50/20 = 2Vj), or 5 times to 2 revolutions of B. But 
2 revolutions ol E correspond, as we have seen, to one revolution of 
the gear on stud D; consequently, the gear on stud C makes B revolu- 
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tlons to one of the gear on stud D, which, as we previously found, is 
alGO the case If these two sears had been connected directly without 
any Intermediate gearing. 

PrlnclplsH of CompouDd Qeartng:. 
Compound gearing consists of a train of gears In which certain gears 
are placed In pairs on the same stud as shown at A, Fig. 29, and turn 
together, one of the gears, D, being driven by another gear B, and the 
other gear, £, In turn driving a gear G. The simplest, and most com- 
mon case of compound gearing consists of four gears, as shown in 
the cut referred to. Suppose that the stud, F, carrying gear 0, Fig, 29, - 
is required to revolve 6 times while stud Q, carrying gmr B, revolves 
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5 times. The ratio In speed of these two shafts would then be 6 to 5. 
Gears are not available so that studs F and Q can be directly con- 
nected, or to make it possible to put In an intermediate gear to trana- 
mlt the motion directly. In such cases the gears are compounded, 
that is, the train of gears la made up Of two sets of gears. In each 
of which sets one gear is the driving and one the driven gear. In 
Fig. 29, B and E are driving gears, and C and D are driven gears. 

Eaeh of these two sets ot gears has a speed ratio of Its own. which 
combined with the ratio of the other set gives the total ratio of the 
whole sj'stem. Referring to' our speclflc case In Fig. 29, If gear B has 
90 teeth, and gear D, 45 teeth, then gear D revolves two times while 
gear B revolves once, or. as our ratio between C and B Is 6 to 5, let 
us say that gear D turns around 10 times while B turns around 6 
times. Gear E Is placed on the same stud as gear D and, therefore, 
also turns 10 times while B turns 5 times. Gear E drives gear C, 
which Is required to turn 6 times to the 5 times of gear B. It. there- 
fore, must also turn 6 times to the 10 tlilies of gear E. If, then, gear 
E has 60 teeth and gear C. 100 teeth, this requirement wUI be filled. 
We now have gear C turning 6 times while gear B turns 6 times. 
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How could we have found the gears for this compounil gearing directly 
b7 calculation? 

The ratio required was 6 to 5, or if written as a fraction, 6/5. We 
can multiply numerator and denominator In a fraction by the same 
numt>er without changing Its value. We can also divide up the numer- 
ator and dencmtnator in factors, and multiply each pair of factors 
with the same numljer. Thus we have: 



(2X 45) X (3 X 20) 



90X60 



5 1X5 (IX 46) X {5 X 20) 45X100 
Here we have, then, the gears used In our train. The gears IQ the 







nuioerator are the driving gears B and E. The gears In the denomina- 
tor are the driven gears D and C. 

We may formulate a rule From the foregoing for finding gears for 
transmitting motion, In general, when the speed ratios between the 
driving and driven shaFts are Known, 

1. Place the numter of revoJutions of the driven sltaft in the 
nvmeratOT. and the corresponding number of revolutions of the driving 
Shaft in the denotninoior of a fraction (or, In general, write the 
ratio In the form of a traction), and m,uitiplu the numerator and 
denominator wiift (he same numier, until a new fraction is obtained 
having numerator and denominator ej-pressing suitable numbers of 
teeth for the gears. The gear represented by the new numerator is 
the driving gear, and that represented by the new denominator la the 
driven gear. 

2. IF compounding of the gears is necessary or advisable, divide 
up botii fiumernlor and denominator in the fraction, giving the ratio, 
in two factors, and multiply each pair of factors (one factor in the 
numerator and one In the denominator making "one pair") by the 
same numbers, until gears with suitable numbers of teeth are found. 
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Tbe moBt common application of trains of gearing la that occurrlns 
In lathes, and used Tor thread cutting. We shall, therefore, apply 
the prlnclplee of trains of gears to this case. But It should be clearly 
understood that the same principles hold good, no matter what mactaln« 
the gears are applied to, and that the fundamental condition which 
determines the number of teeth In the gears connecting two shafts Is 
the ratio of speed, that Is, the -number of turns made by one gear to a 
certain number of turns made by another. 

Pilch and Lead of Screw Ttaraads. 

The terms pitch and lead of screw threads are often confused, and 
particularly In the case of multiple threaded screws does this confusion 
cause difficulties. Before we ther^ore enter upon the subject of figur- 
ing change gears for the lathe for cutting screw threads, It may ha 



well to make clear the real meaning of the words "pitch" and "lead." 
and their relation to the number of threads per Inch, 

The pilch of a screw thread Is the distance from the top of one 
thread to the top of the next, as shewn In Fig. 30. No matter whether 
tbe screw has single, double, triple, or quadruple thread, the pitch Is 
always the distance from tbe top of one thread to the top of the next. 
Often, though Improperly, the word "pitch" la used In the shop to 
denote "number of threads per Inch." We hear of screws having 
12 pitch thread. 16 pitch thread, etc. This is not correct usage of the 
word pitch, and only tends to cauee unnecesaary confusion. 

The lead of a screw thread Is the distance the screw will move 
forward in a nut If turned around one full revolution. It Is clear that 
for a single-threaded screw the pitch and the lead are equal, as the 
screw would then move forward the distance from one thread to the 
next If turned around once. In a double-threaded screw, however, the 
screw will move forward two threads, or twice tbe pitch, so that In 
a double'tbreaded screw the lead equals twice tbe pitch. In a triple- 
threaded screw the lead equals three times the pitch, and so forth. 

The lead may also be expressed as being the distance from center 
to center of the some thread, after this thread has made one turn 
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around the screw. In the alngle-thre&ded screw tbe same tbread is 
the next thread to the one first considered. In a double-threaded screw 
there are two threads running side by side around the screw, so that 
the m-ne thread here Is the second one from the one first considered. 
In a triple-threaded screw It Is the third one, In a quadruple-threaded, 
the fourth, and so forth. However we consider this, we still eee that 
Ihe lead and pitch are alike for a single-threaded screw, that the lead 
Is twice the pitch for a double-threaded, and three times for a triple- 
threaded, as already stated. The actual relationship Is very plainly 
shown In Fig. 31, where are shown parts of three screws with Acme 
threads, the first single-threaded, the second double-threaded, and the 
last trlp]e-thr«aded. 

The main point to remember, however, Is that In any fcind of a 



SINGLE THREAD DOUBLE THREAD TftlPLE THREAD 



-screw, the lead U the distance which the acreu will move forward in 
a nut if hirned around one revolution. 

In tble connection it may be appropriate to give the rules and 
formulas for the relation betweOi the lead and the number of threads 
per Inch. If there are 8 threads, single. In one inch, the lead is evl- 
.dently ^ Inch. This we found, mathematically, by dividing one by 8, 
which Is the number of threads per inch. The formula, therefore, Is 

"»^ = number of thLd.p«rmch 

This formula, expressed In words, says: The lead of a screw eguals 

• one divided by the number of threads per inch. 

Confusion la often caused by Indeflnfte designation of multiple thread 
screws. The most common way to state the lead and the class of 
thread Is perhaps to say ^ inch lead, double, which means a screw 
with a double thread, which, when cut, has the lat&e geared tor four 
threaos per Inch, but each thread is cut only to a depth corresponding 
lo eight threads per Inch. The same condition Is also expressed by: 
4 threads per inch, douile. These two ways of expressing the number 
of multiple threads are both correct, but the eipression which ought 
to be used in order to avoid mlBunderstandlng under any clrcum- 

:3tances would be: V4 lead, ^ pitch, double thread. 
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LATHE CHANGS GEARS. 

While the prluclplea and rules goverolng the calculatloQ o( change 
sears are very elmple, the;, of course, presuppose eome fundamental 
hnowledg of the use of common fractions. If such knowledge Is at 
liand. the subject of flgurlng change gears, l( once thoroughly under- 
stood, can hardly ever be forgotten. It should be Impressed upon the 
irtlnds of all who have found difflcultles with this subject that the 
matter Is not approached in a logical manner, and la usually grasped 
by the memory rather than by the Intellect. Before answering the 
question In regard to any rules for figuring change gears, let us there- 
tore analyze the subject. The lead-screw H of the lathe (eee Fig. 32( 
must be recognised as our first factor, and the spindle as the second. 
if toe lead-screw has six threads per inch, then. If the lead-screw 
makes six revelutions. the carriage travels one Inch, and the thread- 
cutting tool travels one Inch along the piece to be threaded. If the 
spindle mahes the same number of revolutions In a given time as the 
lead-screw. It Is clear the tool will cut six threads per inch. In such a 
case the gear D on the spindle stud J, and gear E on the lead-screw, 
are alike. If the spindle makes twice the number of revolutlans of 
the lead-screw, the spindle revolves twelve times while the tool moves 
one Inch, and consequently twelve threads per inch will be cut. But 
In order to make the spindle revolve twice as fast as the lead-screw. 
It Is necessary that a gear be put on the spindle stud o( only halt 
the number oF teeth of the gear on the lead'Screw. so that when the 
lead-screw revolves ouce the spindle stud gear makes two revolutions. 
The conditions governing the relationship between the number of 
<eeth In gears and the number of revolutions of the studs on which 
they are mounted were, as we remember, explained In the last 

Simple Qearlns. 
Suppose we wish to cut nine threads per Inch with a lead-screw 
of six threads per Inch, as referred to above. Then the six threads of 
the lead-screw correspond to nine threads on the piece to be threailed, 
which Is the same as to say that six revolutions of the lead-screw 
correspond to nine revolutions of the spindle; or In other words, one 
revolution of the lead-screw corresponds to 1^ of the spindle. FYora 
this it is evident that the gear on the lead-screw must make only 
one revolution while the spindle stud gear mahes 1^. Thus, If thn 
leau-screw gear has, (or Instance. 36 teeth the gear on the spindle 
stud should have only 24; the smaller gear, of course, revolving faster 
than the larger. If we express what has been previously said in a 
lormula we have: 

threads per inch of lend-^rew _ teeth in 8;wirjjn_Bpiiidle stud 
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Applying ttalB to the case above, we have: 
6 24 

9 36 
The valueB 24 and 36 are obtained by multiplying 6 and 9, respectively, 
by 4. By multiplying both the numerator and tbe denominator by the 
Eame number, we do not change the proportion. Ab a general rule we 
may then Bay that the change gears necessary to cut a certain numlwr 
cl threads per Inch are found by placing the number of threads In the 
iead-acrew In the numerator, the number of threads to be cut In the 
denominator, and then multiply numerator as well as denominator by 
the same number, by trial, until two gears are obtained, the numtier 
of teeth of which are both to be found In the set of gears accompany- 
ing the lathe. The gear with the number of teeth designated by the 




o be placed ou the spindle stud (at J. Fig. 32), and 
the gear with the number o( teeth corresponding to the denominator on 
the lead-Ecrew B. 

A few examples ot this will more clearly explain the rule. Suppose 
the number of teeth of the change gears of a lathe are 24, 28. 32, 36, 
and so forth. Increasing by 4 teeth up to 100. Assume that the lead- 
screw is provided with 6 threads per Inch, and that 10 threads per 
inch are to he cut. Then. 

6 6X4 ^4 

10 10X4 40 
By multiplying both numerator and denominator by 4. we obtain 
two available gears with 24 and 40 teeth, respectively. The 24-tooth 
gear goes on the spindle stud, and the 40-tooth gear on the lead-screw. 
Assuming the same lathe and gears, let us find the gears for cutting 
ll'j threads per Inch, this being the standard number of threads tor 
certain sizes of pipe thread. Then. 



i found that multiplying with any other number than elsht 
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would, In tUs case, not bave given us gears with Buch namber of 
teetb ta we bave In our set with thlB lathe. Until getting sccustomed 
to figuring of this kind, we can, ot course, only b? trial find out tha 
correct number by which to multiply numerator and denominator. 
The number of teeth In the intermediate gear F, Fig. 32, which meahes 
with both the spindle stud gear and the lead-screw gear, Is of no con- 
-sequence. 

IiHtliAfi with Beduotlon Qsarinv In Heod-etook. 
In some lathes, however, there Is a reduction gearing In the head- 
Btock of the lathe, so that If equal gears are placed on the lead-screw 
and the spindle stud, the spindle does not make the same number 
o( revolutions as the lead-screw, but a greater number. UBually In 
buch latbes the ratio of the gearing In the head-stock 1b 2 to 1, so 
that with equal gearB the spindle makes two revolutions to one of 
the lead-screw. Thla U particularly common In lathes Intended for 
cutting fine pitches or. In general, In smalt lathes. In figuring tlw 
gears this must, of conrse, be taken into consideration. As the Bplndle 
makes twice as many revolutions as the lead-screw with equal geftra, 
•if the ratio of the gears be 2 to 1, that means that If the head-stock 
gearing were eliminated, and the lead-screw Instead had twice the 
number of threads per Inch as it has, with equal gears the spindle 
would still revolve the same as before for each Inch of travel along 
the piece to be threaded. In other words, the gearing in the head- 
ttock may he disrej/orded, if the number of threads of the lead-icrew 
w multiplied l>v the ratio of (his gearino. Suppose, for Inetance, that 
In a lathe the lead-screw has eight threads per Inch, that the lathe 
is geared in the head-stock with a ratio of 2 to 1, and that 20 threads 
are to be cut. Then 

2X8 16 IS X 4 64 

20 20 20 X 4 80 

which two last values signify the number ot teeth in the gears to nae. 

Sometimes the ratio of the gearing In the head-stock cannot be 
determined by counting the teeth In the gears, because the gears are 
BO placed that they cannot be plainly seen. In such a case, equal 
gears are placed on the lead-screw and the Bplndle stud, and a thread 
cut on a piece in the lathe. The number of threads per Inch ot this 
piece should be used for the numerator In our calculation Instead ot 
the actual number of threads of the lead-screw. The ratio of the gear- 
ing in the head-stock Is equal to the ratio between the number ot 
threads cut on the piece in the lathe and the actual number of threads 
per Inch of the lead-screw. 

Compound Oearlnff. 

The cases with only two gears in a train referred to are termed 
simple gearing. Sometimes It Ie not possible to obtain the correct 
i-atlo excepting by introducing two more gears In the train, which, aa 
has previously been Eald. la termed compound gearing. Thla class of 
gearing Is shown in Fig. H3. The rulee for flaring compound gear- 
ing are exactly the same as for simple glaring, excepting that we 
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must divide both oUr numerator and denominator Into two lactors. 
eacb of which are multiplied with the aame number In order to obtain 
the change gears. 

Suppose a lathe has a lead-screw with six threads per Incb, that the 
number of the teeth In the sears avalUbie are 30, 35, 40, and bo forth, 
increasing by G up to 100. Aseume that It U desired to cut 24 threads 
rer inch. We have then, 

6 

— = ratio. 
24 
By dividing up the numerator and denominator In factors, and multi- 
plying each pair of faotori by the same nwmiber, we find the gears: 
6 2X3 (2X 20) X (3 XIO) 40X30 

24 4X6 (4 X 20) X (6 X IQ) 80 X 60 
The last four numbers Indicate the gears which should be used. The 
upper two, 40 and 30, are diiving gears, the lower two, with SO and 60 
teeth, are driven gears. Driving gears are, of course, the gear D, 
Fig 33, on the spindle stud, and the gear P on the Intermediate stud 
K, meehlng with the lead-screw gear. Driven gears are the lead-screw 
gear, B. and the gear H on the Intermediate stud meshing with the 
aplndle slud gear, it mahea no difference which of the driving gears 
Is placed on the spindle stud, or which of the driven Is placed on the 
lead-screw. 

Suppose, for a final example that we wish to cut 1% threads per 
Inch on a lathe with a lead-screw having six threads per inch, and that 
the gears run from 24 and up to 100 teeth. Increasing by 4. Proceed- 
ing as before, we have 

G 2X3 (2 X 36) X (3X16) 72X48 



1% 1X1% (IX 36) X (1% X 16) 36 X 28 
This la the case dtrecUy lllnbtrated In Fig. 32. The gear with 72 
teeth is placed on the spindle stud /, the one with 48 on the Inter- 
mediate stud K, meshing with the lead-screw gear. These two gears 
(72- and 4S-teeth) are the driving gears. The gears with 36 and 28 
teeth are placed on the lead-screw, and on the Intermediate stud, as 
shown, and are the driven gears. 

Fractional Threads. 
Sometimes the lead of the thread Is expressed by a traction of an 
Incb, Instead ot-atatlDg the number of threads per Inch. For Instance, 
a thread may be required to be cut having a %-lnch lead. In such a 
case the expression "%-lnch lead" should first be transformed to "num- 
ber of threads per inch," after which we can proceed in the same way 
as has already been explained. To find how many threads per inch 
there ie when the lead is stated, we simply find how many tlmea the 
lead la contained In one Inch, or, in other words, we divide one by 
the given lead. Thus cne divided by 3/8 gives us 2 2/3, which Is the 
number of threads per Inch of a thread hiving %-lncb lead. To find 
change gears lo cut such a thread we would proceed as follows: 
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Aaaume that the lead-screw has 6 threads per 'Inch, attl that the 
cbanEe gears run from 24 up to 100 teeth, Increasing by 4. Proceeding 
tafind the gears as before, we have: 

6 2 X « (2 X 86) X (8 X a*) 72 X 72 

^% ~ lxa«3' ~ (I X 8fl) X (2% X 24) ' 86 X m' 
The rule for finding the number of threads per Inch, when the lead 
Is given, may be expressed b^ the formula: 

number o( tbreadi per Inch = 

which 1b simply a reversal of the formula given on page 25. 

What has been said in the forgoing In regard to the figurtng of 
change gears for the lathe may be summed up in the following rules: 

1. To find the number Of threads per inch. If the lead of a thread 
Is given, divide one by the lead, 

2. To find the change gears used in simple gearing, when the nuni' 
ber of threads per Inch on the lead-screw, and the number of threads 
per Inch to be cut are given, place the number of thread! on the lead- 
gcreur ai nitmeratoT and the nvmber of threadi to he cut as denom- 
tnator In a fraction, and multiply numerator and denominator with 
ti^e same number until a new fraction results repreienting tuitabie 
nvmber of teeth fur the change gears. In the new fraction, the 
numerator represents the number of teeth on the spindle stud, and the 
denominator, the number of teeth tn the gear on the lead-screw. 

3. To find the change gears used ta compound gearing, place the 
number of threadi per inch on the lead-screw a* numerolor, and the 
number of threadi per inch to be cut as denominator in a fraction, 
divide up both numerator and deTtominator in two factors each, and 
multiply each pair of factors (one factor In the numerator and on« 
In the denominator making "a pair") bv the sarne number, until new 
fractions result representing suitable number of teeth for the chanfie 
gears. The gears represented by the numbers In the new numerators 
are arlving gears, and those In the denominators are driven gears. 
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SPEBD OP PULLEYS. 

The principle applied to gearing in regard to tlie ratio between the 
flpeeda of two abafte, may be directly applied to the question of sizes 
of pulleys, with the only difference that we bere deal with the number 
of Inches to the diameter of the pulley instead of the number of teeth 
Id the gear. Suppose that a abaft is required to mahe 30O revolutions 
per minute, and that this shaft is driven from a line-sbaft making 180 
reTolutloDs per minute, as shown In Fig. 34. The pulley on the line- 
abaft Is already In place, and Is 15 laches In diameter. Wbat diameter 
should the pulley on the shaft making 300 revolutions per minute be • 
made? 

As the belt over the .two pulleys runs at the same speed as the 




circumference of the pulltya. It U clear that the circumferences of 
both pulleys run at the same speed. The pulley running a fewer 
number of revolutiona consequently must be larger. In order that Its 
circumference may run at the same speed aa the circumference of the 
pulley running faster In regard to number of revolutions. The cir- 
cumference depends directly upon the length of the diameter, because 
we know that the circumference equals the diameter times 3.1416. 
But as the factor 3.1416 would enter in the case of both pulleys. It Is 
not necessary to carry it along In the calculation. We can figure 
with the diameter directly, substituting the diameter for the circum- 
ference, HO to Boy. For the obtaining Of our ratio of speed beticeen 
the pulleys, the diameterg serve the tame purpose (n figuring aa the 
circumferences, because the ratio between the diameters la the same 
as the ratio between the circumferences. Now, the circumference of 
the pulley making ISO revolutions, and having a diameter of 15 Inches, 
pBHses through a distance of ISO limes Its circumference in one minute, 
or 18U X 15 X 3.1416. The circumference of the pulley making 300 
revolutions must, pass through the aame distance, for as we have 
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said, the belt causes the clrcnmferencea to run equally fast. There- 
tore, tor each reTolutlon the latter pulley must pass through the 
distance 180 X 16 X 3.1416 divided by 300. This tben would be the 
clrcnmrerence of the amaller pulley, or its diameter times 3.1418. We 
can therefore write 

ISO X 15 X 3.1416 

= diameter o( small pulley X 3.1416. 

300 
Ab we said before, 3.141S enters as a factor In both cases, and we 
can therefore cancel It Then we have 
180 X 16 

= diameter of small pulley = 9 Inches. 

300 
From this we can formulate a rule for all flguring of pulleys: 
The number of revolutions of one thaft mulHpHea vMb. the diam- 
eter of the pttJIey on the aome shaft, divided by the number of revoln- 
tiotu of the aecond ihaft, ffivet the diameter of the pulley of the «ec«nd 
shaft. 

Wa may also write this as a formula, thus: 

DBOiber oC revolntloDi ^ diameter of pulley on 
dl«moWr of pnlley on _ ol fi ret iliaft __ '• fini ahaft In Inchae 

Hcond ibaft la inchea ~ number ot revoluitons of aecond shaft 

It we know the sizes of the pulleys, and the number of revolutions 
of one shaft, and want to find out the number of revolutions of the 
other shaft, the method Is very similar to that used for figuring 
change gears.* Evidently this sbonld be so, because the diameters of 
the pulleys simply express the ratio of jipeeds of the shaft Suppose 
one pulley is 12 Inches in diameter, and another 20, and the shaft 
with the 12-ineh pulley makes 180 revolutions. How many revolutions 
doea the other pulley make? 
20 

Our ratio Is — . Now multiply the numerator, 20, with a number 
12 
£[vlag ISO as result This number is 9. Multiply the denominator 
by the same number, and we get 9 times 12 equals 108 as the number 
of revolutions of the second pulley. In other words, we have 



It should be understood that the number of revolutions are In a 
reverse ratio to the ratio of the diameters, that Is, 

diame ter ot fl rW pulleT _ re^olutloni of aecond pulley 
diameler of aecond pulley ~ revoluliona of firat pulley 

In the first ratio (of diameters), the diameter of the first pulley is 
the numerator and that of the second pulley Is the denominator, but 
in the second ratio (of revolutions), the number of revolutions of the 
second pulley Is the numerator, and that of the first pulley Is tbe 
denominator. 

A few examples may tend to make this clearer and fix the procedure 
more firmly in the mind of the reader. 

Example 1. — A line-shaft tor a few grinding machines la required 
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to niii at 320 reTOlutlone per mlDute, aod to be driven from a main 
llae-Bhaft, running at 200 reTolutlons per minute. The pulley on the 
main llne-sbaft is already In place, and Is 24 Inches In diameter. What 
diameter ought the pulley on the grinding machine- llne-ehatt to be? 

We find this diameter directly Irom our rule on page 32 saying tbat 
the namber of revolutlone of one ehaft times the diameter of the pulley 
on tblB shan, divided by the number of revolutions ot the second shaft, 
gives us the diameter of the pulley of tbe second sbatt. Thus 
200 X 24 4800 
320 ~ 320 

The diameter of tbe pulley on the grinding machine llne-sbaft, there- 
fore, should be 15 inches. 

Example 2. — The pulley ot a machine tool is 8 inches la diameter. 
The driving pulley on the line-shaft is 34 Inches In diameter. It Is 
known that the line-shaft makes 120 revolutlonn per minute. How 
many revolutions per minute does the 8-Ii>cb pulley on the macblne 

Tbe diameters of the pulleys are In tnverae ratio to the number of 
revolutions, that Is, aa already said, 

dUmatar ot Erst pulley _ revolutlona of ae conJ pulley 
dlBOMter of Kcond pulley ~ ravolutioui oE first pulley 

From thia we have, then, In our present example. 



34 34 X 15 610 

The 8-lnch pulley, consequently, makes 510 revolutione per minute. 

Example 3. — The largest step of a cone-pulley In the countershaft 
of a machine is 12 Inches In diameter. The smallest step is 6 tDches. 
Tbe largest step of the cone pulley on the machine is 10 inches, the 
smallest, 4. If the countershaft runs 300 revolutions per minute, 
which are the highest and lowest speeds of the spindle of tbe machine 
on which the cone pulley Is mounted? 

The largest step on each respective puMey runs with tbe smallest 

step of the other. Therefore, proceedlag exactly as if we had two sets 

of pulleys, one Bet 12 and 4, and one S and 10 tncbes in diameter, we 

find by figuring exactly as In our previous example: 

4 4 X 75 300 



6 6 X 30 180 
The smallest speed is therefore 180 revolutions per minute, and the 
Jmrgeot 900 revolutions. 
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INDEXING MOVEUBNTS FOB UILIilNO MACHINE. 

The figuring o( Indexing movemtnta for the dividing head ot the 
milling machine Is a subject which many mechanics think complicated, 
although It really is very simple. The index bead Is constructed 
with a worm and worm-wheel mechanism, the worm being on the 
crank turned when Indexing, and the worm-wheel being mounted 
on the Index spindle to which the work is attached. Th^ worm-wheel 
has 40 teetb, so that turning fte crank around one full revolution. 
which also turns the worm one revolution, moves the worm-wheel 
one tooth, or one-fortieth of Its circumference. In the same way, 
to turn the worm-wheel and the spindle on which It is mounted 
around one full revolution, we must turn the index-crank 40 revo- 
lutions. If we thoroughly understand this, the ttgurlog of indexing 
movements is very easy. Suppose that we want to mill a hexagon. 
We then want to turn the work one-sixth of a revolution for each 
Bide milled. As it requires 40 revolutions of the Index-crank to turn 
the index-spindle once, it evidently requires only one-sixth ot that 
number to turn the Index-spindle one-sixth revolution. Consequently. 

40 
the Index-crank should be turned around — = 6 2/3 revolutions for 

6 
milling a hexagon. That is, we first turn the crank around 6 timea. 
and then, by means of ■the Index-plate, we turn It 2/3 of a revolution. 
This would mean 12 holes in an IS-hole circle, for Instance, as 12 Is 
two-lhlrds ot IS. 

Suppose we should want to mill a piece of work having 8 aides, 
regularly spaced. The indexing tor each space Is found by dividing 

40 
40 by 8, Then, — ^ 5, represents the number of turns of the index-" 

8 
cranio for each side Indexed. It we want to cut 9 flutes, regularly 
spaced, in a reamer, we must turn the crank 40/9 = i 4/9 revolutions 
lo index for tach flute. The 4/9 ot a revolution would correspond to 8 
holes in the 18-hole circle, because R/18 = 4/9, 

In order to find which Index circle to use, and how many holes in the 
Index circle to move for a certain fractional turn of the index-crank. 
numerator and denominator of the fraction expressing the fractional 
turn are multiplied by the same number, this number being so selrcted 
that tue denominator In the new traction equals the number of holes 
In some Index circle. The new numerator then expresses ?ioic many 
holes In this circle the crank Is to be moved. Suppose that we want 
to Index for 12 flutes in a targe tap. We first divide 40 by 12 to find 
the number of turns of the Index-crank required. Writing out this 
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dlTlBion as a fraction, and carrying out the calculation, gives ua: 
40 * 1 

12 12 3 

The fractional turn required Is 1/3 of a revolution. Now muUlpl;-, 

accoralng to the rule given, the numerator and denominator ot this 

fraction by a number bo that the denominator equals the number of 

boles In some Index circle. Multiplying with 6 would gtve ub 

1X6 6 

3X6 18 
In which fraction 18 Is a number expressing the number of holes In the 
index circle to use, and 6 the number of holes the crank has to be 
moved In this circle to turn one-third of a revolution. 

Suppose, that inetead of having given a certain number ot times 
which the work Is to be Indexed to complete one revolution (as SO 
for an 80-tooth gear; 6 for a hexagon nut, etc.), we Instead had given 
a certain number of degrees which It is required that the work be 
turned before taking another cut by the milling cutter. 

As there are 360 degrees In a complete Circle or turn (one right 
angle Is 90 degrees, and the whole circle, of course, consists of four 
right angles), and as 40 turns of the Index crank are required for one 
revolution of the work, one turn of the Inftx crank must correspond to 
300/40^9 degrees. Tben, If one complete turn of the Index crank 
equals 9 degrees, it Is clear tbat if we Index In the 18-hole circle, 2 
holes must correspond to one degree. This Ib, therefore, the funda- 
mental principle or rule (or Indexing angular movement. Two ftoles 
in the \%-hoIe circle egvalt a movement of one degree of the work. 

Suppose that we wish to Index 11 degrees. We flrst, then, divide 
the number of degrees by 9 to find how many complete turns the Index 
crank should make; and the number of degrees left, to turn when we 
have completed our full turns are Indexed by taking two holes In the 
18-hole circle tor each degree. In this case 11/9^1 2/9. which gives us 
the answer that we must turn the crank one (ull revolution, and then 
index 2 degrees more, or 4 holes In the 18-hole circle. 

It IB evident tbat one hole In the 18-hole circle represents 1/2 degree. 
when two holes represent one degree. Should It be required to index 
only 1/3 degree, this may be done by using the 27-bole circle. If two 
holes In the 18-hole circle, which Is 1/9 of a turn, equals one degree, 
three holes In the 27-hole circle, which also la 1/9 of a turn, must also 
equal one degree: and If a 3-hole movement equals one degree, a 
1-hole movement In that circle must equal 1/3 degree. Therefore, If 
wc wish to index the work through an angle o( 48 degrees 40 minutes 

(there are GO minutes to one degree, so that 40 minutes equals 2/3 
degree), we simply turn the crank five complete turns for 45 degrees 

(,i X 9 = 45). and we have then 3 degrees 40 minulea, or 3 2/3 degrees 
left. In the 27-hole circle 3 degrees correspond to 9 holes, and 2/3 
degree to 2 holes, according to what we have just said. Consequently. 
we turn the crank 11 holes. In all, further In the 27-hole circle to com- 
plete the angular movement ot 48 degrees 40 minutes. 
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OHANOE OEABB FOR MILLING SPXBALS. 

Tbe method for tbe flgurlng at change gears for cutting aplrala on 
the mining machine. Is, In principle, exactly the same as that used 
for figuring change gears for the lathe, but it will he necessary to 
shortly refer to tbe construction of the mechanism for connecting 
tbe index bead spindle and tbe feed-screw to make perfectly clear the 
fundamental Ideas gOTernlng the selection of change gears. In Fig. 36, 
A is the feed-screw of the milling machine; and B is the gear placed on 
this feed-screw, commonly called the feed-screw gear. This gear meshes 
with the gear C, placed on the stud D, from which, la turn, motion is 
Imparted to the worm in the index head and from the worm to the 
worm-wheel and the index spindle. The gear C on tbe stud D is called 
the worm gear, because It directly operates the movement of the worm. 
This expression "worm gear" should not t>e confused with the worm- 
wheel, which Is placed on the Index spindle. The case shown In Fig. 35 
is one of simple gearing. In Fig. 36 !a shown a case of compound 
gearing. Here B still represents the feed-screw gear. E is a gear on ths 
Intermediate stud, meshing with gear B, and gear F Is another gear 
on tbe same Intermediate stud, meshing with gear C, thus transmitting 
motion from tbe feed-screw to the stud D by compounding the gears. 

The figuring of change gears for the milling machine cooalsts simply 
In the selection of tbe proper gears, B and C, used in a simple train, as 
in Ffg. SB, or gears B, E, F, and C. as used In a compound train of gears, 
as shown In Fig. 36. 

In order to flgure change gears for the latbe we remember that It 
was necessary to first know the number of threads per inch In the 
lead-screw. Knowing that, we knew how many revolutions the lead- 
screw had to make to move tbe carriage and the thread tool one 
inch along tbe work. In tbe case of tbe milling machine we must 
know hoio far the table travtU while the index spindle malbe* one 
complete revolvtion. vihen gears B and C, Fig. 35, have an egual num&er 
of teeth. This distance Is tbe constant which we use in figuring the 
change gears, the same as we used the number of threads per Inch 
of the lead-screw In flRurlng chanpe gears tor the lathe. This con- 
stant, which may be different Cor dllTerent milling machines, is called 
the tend of the milling machine. We will now see how this constsnt 
Is found. 

Suppose, for instance, that In a milling machine one revolution of 
the worm gear, C. Figs. 31) and 36, will produce exactly one revolution 
of the shaft on which the worm is placed, that Is, one revolution of the 
Index crank, and suppose that equal gears are placed on the feed- 
screw and on the stud D, so that one revolution of the feed-screw 
produces exactly one revolution of the gear C and stud D. Then, If the 
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feed-screw revolves one revolution, tbe mllUag macblne table wll) 
advance a distance eqoal to the lead ot tbe feed-screw,' because, as we 
have said before, tbe lead of tbe screw Is tbe distance wblcb It will 
advance In one turn. 

Now, wben the table of tbe milling macblne moves forward a dis- 
tance equal to tbe lead of tbe feed-ecrew, or a dletance equal to one 
thread In the feed-ecrew, the feed-ecrew tnms one revolution, and gear 
alao turns one revolution, the worm-ehaft and tbe Index crank turn 
one revolution, Imd, there being 40 teeth In tbe worm-wheel which Is 
mounted on the Index bead eplndle, this worm-wheel, with Its spindle, 
will turn 1/40 of one revolution. To make one complete rsvolutlon of 
tbe Index bead spindle, the feed-screw would have to be revolved as 
man7 times as there are teeth In the worm-wbeel, each revolution, 




as we have seen, moving It one tooth. Tbe distance which the milling 
machine table will advance, when tbe Index bead spindle revolves 
one complete revolution. Is, as we have said, the lead of tbe machine. 
This distance evidently equals tbe distance tbat the feed-screw ad- 
vances tbe table In one revolution (which Is the lead of tbe screw) 
times the number of revolutions made. If we assume that tbe feed- 
screw has a lead of % Inch, and that there are 40 teeth In the worm- 
wheel on the Index head spindle, the feed-ecrew, wben tbe geare B and 
are equal, will have to turn 40 tlmea. In order to move tbe index 
head spindle around once, and the dletance the table will then advance 
will be 40 times % Inch, or S IncheB. In this particular case, E Inches 
Is t])en tbe lead of the machine. If now a piece of work bad been 
affixed to the index spindle, It Is clear that this piece of work would 
have made one complete revolution, while the milling machine table 
advanced 5 Inches, and tbat the lead of the spiral cut on the work 
would have been 6 Inches. 
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A general rule for finding tbe lead of a milling machine mar )>« 
stated as follows: To flnd the lead of a milHno ntacMne, place e^KOl 
ffears on ttud D, Fig. 36, and on the feedrtcrew, and multiply the 
ntimber of revolutions made 6y the feedscrew in order to proditce on* 
revolution of the index head spindle, fiy the lead of the feedscrew. 

Suppoee, for an example, that It Is necessary to make 40 revolutions 
of the feed-screw In order to turn the Index head spindle one complet* 
revolution, when sears B and O, Fig. 35, are eaual, and that the lead 
of the feed-Bcrew of the milling machine la M, Inch, then the lead ot 
the machine equals 40 X 'M Inch, or 10 Inches. 

The rule Just given Is general, and will apply even If the number 
of teeth In the Indexing worm-wheel were different from that In 
Standard Indexing heads, because. In the rule no consideration la taken 
of the number of teeth of the worm-wheel, directly, but simply the 
number ot turns made by the feed-screw to coriespond to one turn of 
the Index spindle Itself. 

If It Is now perfectly clear that the lead of the machine means the 
distance which the table of the milling machine must move forward 
In order to turn the work placed on the Index head splndte around one 
complete revolution, with equal gears, then we see that If we want to 
get a spiral that 1b twice as long as the lead of the machine, we must 
place gears on the feed-screw and on the etud D of sucb size that the 
Indexing spindle will only turn half a revolution while Che table 
moves forward a. distance equal to the lead of the machine. Suppose, 
for Instance, that we want to cut a spiral, having a lead of 20 Inches, 
that Is, making one complete turn In a distance of 20 inches, and that 
the lead of the milling machine Is 10 Inches. Then, while the table 
moves forward 20 Inches, we want the Indexing spindle to turn once. 
In order to make the table move forward 20 inches, when the Indexing 
spindle turns around once, the feed-screw evidently must turn twice 
as many times as it did In the case when the table only moved 10 
Inches for one turn In the Index spindle. In which case we bad equal 
gears on the feed-screw and on stud D. Here we then have two studs 
or shafts, A and D, where we wish that the one should turn twice as 
fast as the other. The ratio between the speeds, then, Is 2 to 1, which 
means that the feed-screw, which Is required to turn twice while the 
stud D turns once, must have a gear that has only halt the number of 
teeth oT the gear placed on stud D. 

If the lead of the machine be 10 Inches, and the lead required to be 
cat on a piece of work Is 30 laches, then It would be necessary to 
have the ratio between the gears 3 to 1, which, of course. Is the same 
as the ratio between the lead of the machine and the lead of the spiral 
to be cut (30 to 10 equals 3 to 1). We can therefore express the rule 
for finding the change gears by a simple formula: 

lead of gplral to \M cut _ number of teeth In ge ar oa worm st ud ( D. Fig. M) 

Expressed as a rule, this formula would read: To find the cftantie 
(rear* to be used in a simple train of gearing, u?hen cutting tpiralt on 
a milling machine, place the lead of the tpiral in the numerator and 
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the Jead of the millinff machine In the denominator of a fraction, and 
nultiply the numerator and Oenominator with tA« tame numlier, until 
a new fraction Is obtained In toAlcft the mmterator and denominator 
give tuitable n«mber« of teeth. 

As an example ol tlie above rule, ve will take the case ot a mllltng 
machine in vbich we hare found that there are i threads per Inch on 
the feed-screw, and that 20 reTolntions of the feed-screw are necessary 
to make the index spindle turn one complete revalntlon when having 
equal Keare on A and D, Fie. 35. On a machine of this kind, assume that 
It is required to cut a spiral the lead of which is 12 Inches. The first 
thing for us to do Is to find the lead of the machine. This, as we 
have already said, Is equal to the revolutions of the feed-screw neces- 
sary to turn the Index spindle one revolution, multiplied by the lead 
of the feed-screw. As the feed-screw has 4 threads per inch, the 
lead of the feed-Bcrew- 1^14 Inch, and this, mnltiplled by 20, gives ua 
1 20 

— X2u = — ^5. To (lad our gears we now place the lead of the 
4 4 

spiral In the numerator of a fraction and the lead of the machine In 
the denominator, and multiply both numerator and denominator with 
the same number until we get a new fraction In which the numerator 
and denominator express a suitable number of teeth. Following this 
rule, we have then; 

12 12 X e 72 



The gear with 72 teeth is placed on stud D, which, of courae. Is 
required to revolve slower than the feed-Bcrew, In order to cut a spiral 
which Is 12 Inches, when the spiral cut with equal gears Is only 5 
inches, or equal to the lead of the machine. The gear having 30 teeth 
Is placed on the feed-screw. If tt should be necessary to put an Inter- 
mediate gear between the gear on the feed-screw and the gear on stud 
D, the number of teeth In this intermediate gear would have no Influ- 
ence on the ratio of the speeds of feedscrew A and stud D, but would 
simply serve the purpose of transmitting motion from the one gear to 
theother. In Chapter IV this matter of the Intermediate gear was 
treated at length, and an example given showing that even a series of 
intermediate gears did not Influence the ratio of speeds of two shafts. 
Compound Oearlnr. 

If It Is not possible to find a set of two gears that will transmit the 
motion required, it will be necessary to use compound gearing. In this 
case the manner of getting the compound gears Is exactly the same aa 
that of getting compound gearing tor the lathe. We have already 
explained that the lead of the spiral to be cut Is placed in the numera- 
tor ot the fraction, and the lead of the milling machine In the 
denominator. We then divide up this numerator and denominator in 
two factors, the same aa we did In the case of figuring lathe change 
gears, and having divided them up in two factors, we multiply each two 
of these factors by the same number, exactly as before, thus getting 
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the gears we require. As an example, let ue supj^oae that the lead of 
a certain machine is 10 Inchee, and that we wlBh to cut a epiro] the lead 
of which tB BO Inches. We then have: 

60 6 X 10 (6 X IB) X (10 X 8) 90 X 80 

10 2X6"" (2 X 15) X (5X8) 30X40 
The gear having 90 teeth Is placed on the stvd D, and meahea with 
the 30-tooth gear F (see Fig. 86) on the Intermediate stud; on the eama 
Intermediate stud Is then also placed the gear having 80 teeth, which 
la driven by the gear having 40 teeth placed on the feed-screw. This 
makes the gears having 90 and 80 teeth the driven gears, and the gean 
having '30 and 40 teeth the driving gears, the whole train of gears 
being driven from the feed-screw of the table. 

In general, tor compound gearing It mar be well to remember the 
rule given by the formula: 

lead ot gplral to b« ctit product ot d riven gcJ-rg 
lead ot Riactiiae product of drivinK gears 



CHAPTER IX. 

SQUABB AND SQUABS BOOT. 

The expressions "sQuare" and "square root" often occur In technical 
formulas, and to one unfamiliar with these names, and the mathemati- 
cal operations which they slgnlfr. as well as the signs bj which they 
are Indicated, it mar appear that difficult mathematical operations are 
Involved. But this Is not the case. 

The square of a number Is simply the product of that number mul- 
tiplied bj itself. Thus, the square of 2 Is 3 X 2 = 4, and the square of 
8 Is 3X3 = 9. Similarly, the square of 177 Is 177X177 = 31,329. 
Instead of writing 177 X 177, It Is common practice to signlfr this 
operation 177', which Is read "177 square," and simply means that 
177 Is multiplied by itself. Thus we have 5" = 5x5 = 25, and 
27'=27 X 27 = 729. The "2" at the upper righthand corner la caUed 
exponent. Most mechanical and engineering handbooks have tables 
which give the squares of all numbers up to 1,000, so that bj means 
of such a handbook It is unnecessary to figure out the squares of the 
numbers there given when required, by actual multiplication. The 
square of numbers is very much used in solving many of the prob- 
lems occurring In the machine shop. 

The square root of a number is that number which. If multiplied 
by itself, would give the given quantity. Thus, the square root of 
4 Is 2, because 2 multiplied by Itself equals 4. The square root of 2G 
la 6, and so forth. It will be noticed at once that the square root Is 
almply the reverse of the square, so that If the square ot 2E Is 62G, 
then the square root of 625 Is 25. The mathematical sign for the 
square root is y/7 Thus. \/i = i, i/l^^^' Bi>d so forth. The engin- 
eering handbooks give tables of the square roots of all numbers up to 
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1,000 or more, bo that the process of actuallr figuring the square root, 
which is rather complicated, and which apace does not permit to deal 
with here, has been omitted. 

In the ume war aa we write 2* = 4 we can write 2* = 8, In which 
MM 3*=:S X S X 2^8, the exponent Indicating how many tlmea tfa« 
number glren Is to be repeated as bictor. Slmllarir, 4' = 4X 4X4^ 
64. The expreeslon 4* la read "4 cube" or "tba third power of 4." The 
expression 2* would mean that two Is to be repeated as factor ftre 
Umes; thna, 2* = 2X2X2X2X2 = 32. The expreaalon 2* Is 
read "the fifth power of 2." 

Id the eame way aa the square root means the rererae of square, ao 
cnbe root means the reverse of cube (or "third power"), that is, the 
cube root of a number Is the number which. If repeated as factor three 
times, would give the number given. Thus, the cube root (or "third 
root") of 27 iB 3, because 3 X S X 3 = 27. We see, of course, that It 
th« cube of a number, as 5, Is 12G (S X G X 5=:125), then the cube 
root'of 125 Is 6. The sign for the cube root Is f^ Thua, ^8^2 (be- 
cause J^ 2 X 2=i8),and_^''~27'=3 (becauae 3X3 X 3 = 27). SlmlUr- 
ly ^126 = 5. and ^1728000 = 120. 

If we want the number which repeated as factor_four times gives a 
given number, we muat get the "fourth root" or v - Ttua. i/R ^ 3, 
becanse 3 X 3 X -3 X 3 = 81. Slmllarl? we write the fifth root, vi and 
we write ^32^2, because 2 x 2X 2 x 2 X 2 = 82. 

After thiB explanation, formulas reading j do not any 1ong«r 

look BO mynteHons. 

If we simplify, according to the meanings given to aquaree and 
square roots, we have: 

S'XsTi »xa 18 

s/~m 6 6 

Slmllariy, 

#•'97 + ^216 8 + 6 9 



5* 686 685 

Bight Anffle Triangles. 
One oC the most common applications of the squares of numberB la 
that of the right angle triangle, as shown Id Fig. 37, lo which angle A 
Is a right, or 90 degree angle. If we assume the lengths of the aides 
to be B Inches, 4 Inches, and 3 Inches, respectively, as indicated on the 
. cut, we find that 

5' = 4" + 3', or 25 = 16 + 9. 
This holds good for all right angle triangles. The square of the side 
oppoHte the right angle equals the sum of the aqnares of the sides 
incluMnff the right angle. 

i: ,1 d .GoO»^lc 
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, for Inatance, that In Fig. 38 we know the length of the 
two Bldee Including the right angle to be 6 Inches and 8 Inchet, and we 
want to know the length of the eide BO opposite the right Angle. 
Then the sum of the s^nares of the two given aldee which Indode the 
right angle equals the square of the side opposite the right angle, and 
the BQuare root of this number must be the length of BO. Thus 
6" + 8* = 36 + 64 = 100. 
The eqaare of the length BO 1b then 100, and the length Itself Is the 
square root of 100, or V 100^10. The side BO Is therefore 10 Inches 
long. 

It we knew that BO was 10 Inches, and AB 8 Inches, and wanted to 
find AC, we would eabtract the square of AB from the square of BO to 
find the sQoare of AC, or 

10'— 8'= 100 ~ 64 = 36 =equare of AC. 
V3e = 6 = 1eDgth of AO. 
A little thought, of couree, at once convlncee ns that If the eum of 
two nvmbere equals a third, then If one of the first ntunbers la sub- 




tracted from the third, the remainder equals the other of ths glTan 
numbers. Thus, in Fig. 38, we have the square of AB pine the square 
of AO equals the square of BC; and the square of BO minus the square 
of AS equals the square of AO; and, finally, the square of BO minus 
-the square of AC equals the square of AB. In this case, where the sides 
are 10, 8, and 6 Inches, reepectively. we then have 



IC- 



S" + 6" = 



:10", I 



64 + 36 = 100. 



r 100 — 64 = 



36. 



lO" — «'= 8', or 100—86 = 
As general formulae we may write this, 

AB* + AC* = BC*, otBO= \/AB' + AC 

BC — AB* = AC, or AC = \/ BC - AB* 

BC* - AC* = AB*, or AB = ^/BC - AV^ 

These last formulas say. that no matter what the actual numerical 

values of the sides AB, AC, and BC, the relationship between their 

sqnaree, as expressed by the formulas, holds true for an; rl|^t angle 

triangle. . This carrlee us directly In on the subject of the uss oC 

formulas for expressing mathematical and engineering facts and d 
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CHAPTER X. 

trSH Off FORMULAS. 

Ab we hare said before. If the three sides In a rlgbt angle trlanda 
are 10, 8, and fi Inches long, respectively, we know that 
10' = 8' + 6'. 

Bat If we write the formula In this manner, although It mar be 
tme for this particular triangle, there Is no Indication of that the 
same relationship holds good for any right angle triangle. If, however, 
we substitute the numbers giving the lengths of the aides by the letters 
a, b, and c, we have 

a'=V +<^. 
and this formula expresses the rale given for any right angle triangle, 
where the length of the side opposite the right angle Is a, and the 
length of the sides including the right angle b and e. Ttie letters 
•imply «tand in place of the ftguret that would be applied in each par- 
UaHar cose. 

Formulas serve the purpose of expressing shortly and precisely some 
general law or relationship In calculations. Bach letter stands for a 
certain quantity, and when we figure any special case we pnt the 
figures for this case Into our formula, and figure as usual. Some 
examples will make this dear. 

If we return to the question of figuring tapers, we have on page 6 
the formula 

Urae dia. - iinill dla. „ 
tapar ptr foot = — - — — j- — j r X la 

Now this formula can be expreesed far more simply by putting lettara 
In place of the various quantities given. Let, for Instance, 
( ^ taper per foot, 
a ^ large diameter of work, 
6^ small diameter of work, and 
I ^length of work. 
Then onr formula would take the form: 
a — b 

t = X12. 

I 
If we apply this formula to the example shown In Fig. 9, we have 
directly, 

t= xl«=— Xia=|— +7-lxl3=-X— X12=-X18=-. 

71 7i \64 3/ «4 15 82 S 

equals % li 
da of the w( 
n the form 
iry easy to 
:tly what qii 
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As t stands for the taper per foot, this, consequently equals % Inch. 
It la seen that the dlraenelons for the large and small ends of the work, 
the length, etc, are simply put in plac« of the letter* In the foniiuls, 
and then simple arithmetic Is applied. Formulas are very easy to use 
If this Is DDderstood. It la only necessary to know exactly what quan- 
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tlty «acli letter stands tor, and then put tbe numerical value of tliat 
qnantltr Into the tormnla. 

Ttae formula tor flndluf the aumtwr ot teeth In tbe change gean for 
a latbe mar, tor Instance, he written, 

i Xo T 



Id which tormula 

I = number ot threads per Inch on lead-acrew, 
c = number of threads to be cut, 
a^the number by which numerator and denominator Is malUplled to 

find the number of teeth In chauge gears, 
T^ number ot teeth in eplndle stud gear, and 
t^ number of teeth In lead-screw gear. 

Suppose now that we want to cut 16 threads per Inch In a lathe haT- 
Ing a lead-Bcrew with 6 threads per Inch, and let the nnmber irlOi 




which we multiply numerator and denominator be S. Then, by pnt> 
ting these flguree in place of the letten In tbe formula we have: 



6X6 



36 



16 X 6 96 t 

Consequently T, or the nnmber of teeth In the spindle stud gear, te 
36, and t. or the nnmber of teeth In the lead-screw gear, fa 96. 

A useful application both ot the use ot formulas and ot the squai* 
and square root ot numbers, Is found In the problems occurring when 
figuring forming tools. 

Formulae for Circular Forming' Tools. 

When laying out circular forming tools, Buch as shown In Fit 39, 
the cutting edge, as Is well known, must be located a certain amoont 
below the horizontal center line of the tool. In order to provide for 
enfflclent clearance for the cut. On account of this, the actual dif- 
ferences of diameters in the piece ot work to be formed cannot be 
directly copied In tbe forming tool. The distance A In the piece to be 
tOTiaed must equal the distance a on the forming tool, but as this latter 
distance la measured In a plane a. certain distance b below the hori- 
zontal plane through the center ot tbe forming tool. It Is evident that 
the dlEerencea ot diameters In the tool and the piece to be formed 
are not the same. A general tormula may. however, be deduced, by dm 
of elementary geometry, by means ot which the various diameters of 
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tlw fannlns tool maj' be determined If tbe Urgest (or amalleet) dUm- 
«ter of the tool, the amount that the catting edge Is below the center, 
And, ol couree, the dlometera of the piece to be formed, are known. 
If A = the largest radios of tta« tool, 

a=dlfferonce In radii of steps In the work, and 

ft=amoaiit cnttlng edge Is below center, 
tboi. If r be tbe radius looked tor. 



r = ^/WR 



«>» 



b* 



If the smaller radius i 
formula takes the form: 



Is given and the larger redlus R Bought, the 



R = V(\/»'' - (»■ +«)' + b' 
Suppose, for an example, that a tool ia to be made to form tbe piece 
In Pig. 40. Assume that tbe largest diameter of the tool is to be S 
fnches, and that the cutting edge la to be U Inch below the center of 
the tool. Then the diameter nest smaller to S inches la found from 
tbe formulaa given bj Inserting the given valuee; R = l^ Inch, 




t = U Inch, and a=U Inch (half the difference between 4 and 3^ 

Inchea; see Fig. 40}. 

Then 

r=\/w{w - «)■ - i)* + (i)* = v(vn- i>* + 1^ = ^ 

= 1.254 inch. 

While the formula looks complicated, bj means of a table of squareft 
the calculations are easily simplified and can be carried out In thrae 
or four minutes. The valne of r being 1.264 inch, tbe diameter to make 
the smaller st^ of the forming tool will be 2.60S inchaa, instead of 2^ 
Inchea exact, as would have been the case if the cutting edge had been 
«n tbfl oeoter line. 

A parentheais { ) used In a formula Indicates that all the operations 
«f figuring Inside of the parenthesis are to be performed first, before 
we go further. Thus, for Instance, 

(Nl7"5)'*'=(ri)'""=(')'*'='-^'="- 

) In formulas to leave out tbe multiplication aign (X) 
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betveen two letteTB and write them together without an? sign at alL 
Thua at) means a X b, and the eipreBslon 

2APLN ZyCAXPXLXN 

33.000 33,000 

Using' Decimal Bquivalects iDSteod ol Oonunon Practlonv- 
It Beema to be the general Impreeslon that It 1e eaaler and quicker 
to use the decimal equivalent of a fraction, instead at the fraction 
Itself, when multlplrtng or dtTldlng. There are very few cases, how- 
ever, where the calculatloa can be made elntpler by thU substitution, 
and the results obtained are Invariably lesa correct, i>'";auBe all *h-i 
decimals which are necessary to correctly express the \ 'lue of in ■ 
traction are, as a rule, not used, and when multiplying, .u orlgtaal 
ciTor of only one-half thousandth Inch may finally cause serious 
errors In dose work. 

An example will plainly tUustrate this assertion. In a certain prob- 
lem the formula reads: 

tf+ (6 — c) b 

R= . 

2(0 — ^c) 
Now suppose that a ^ 11/16. = 1^, and c ^ %. Then, U tbe 
formula Is written with decimal equivalents substituted for the let- 
ters, and these equivalents are glveu to the thousandth of an Incb, as 
1, the formula would read, 

OMV+ (1.6 — 0.76) 1.6 



Proceeding we find 



2 (0.687 — 0.375) 



0.624 0.624 

If instead of using decimal equivalents tor the fraction originally 
given in the problem we use the tractions themselves, we would 
write 



't«' "^l 3 4/8 

\l6 8/ 



Blmpllfying this expression we find 



We notice In the flret place that the denominator 0.624 ought to have 
been 9-626 or %, and further, the final result shows a dlflerence of 
O.O03 Inch, which Is enough to spoil many a job which may not even be 
required to be of extreme accuracy. This error Is all due to tha seem- 
ingly small original error of writing 0.68T instead of 0.687&. 
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USB OP TABLES OF SINES, COSINBS, TANOBNTS 
AND COTANGENTS. 

The figuring of angles the average tnachlalet usually looks upon aa 
BomeUilDg above bis capacity, and regards the knowledge at this mathe- 
matical process with more or less awe. But simple cases of the figur- 
ing of angles from given formulas are very easy, Indeed; in fact, these 
cases are often much simpler tlian many ordinary arithmetical prob- 
lems In the shop which the machinist tackles with success. All that la 
nece«eary is a table of sines, cosines, tangents, and cotangents; after 
haTlng found the figures corresponding to a given angle from the 
table, the whole thing resolves itself to a case of simple multiplication 
or dlrUlon. 

Often, in technical papers, the reader will find himself confronted 
by such formulas as, tor Instance, 

27 



COB 36 deg. 
Of course. It Is Impossible to figure out how much A Is from this 
fonnula, unless the expression "cob 36 deg." (read: cosine of 36 
degrees) can be trausforuied and expressed In plain figures. But it we 
know how much "cos 36 deg." is expreBsed In plain figures, then we 
can Immediately divide 27 by this value, and thus find the value of A. 
Suppose that A stands for the length of one aide in a triangle, and 
that the expression "cos 3S deg." equals 0.S0901. Then, 

27 



The tables of sines, cosines, tangents, and cotangents simply serrs 
the purpose of giving In figures the values of these expressions tor 
different angles. The angles are given In degrees and mlnates. A right 
angle is 90 degrees (90"), and each degree Is further subdivided Into 
60 minutes (60'). The four expressions: sine, cosine, tangent, and 
cotangent, which are used to designate certain numerical values, to be 
found from the tables, are called the functiotu of the anple. These 
functions or numerical values equal a definite amount for each dif- 
ferent angle. On pages 4S, 49, 60, and El will be found tables giving 
the values referred to for all degrees and for every ten minutes (1/6 
of a degree). Tbe four expressions sine, coaine, tangent, and cotan- 
gent are abbreviated "sin," "cos," "tan." and "cot," respectively. 

Hie tables of sines, cosines, etc., are read the same as a railroad 
time-table. It will he noticed that at the top of the tables on pages 
48 and 49 the heading reads "Table of Sines," and at the bottom 
of the same tables It says "Table ot Cosines." At the top of the two 



Goot^lc 



SHOP ARITHMETIC 



TABLE OF SINES. 
Bead degrees in left-h&nd oolnnm and minntea at top. 
: sin 7' 10' = .12476. 



DU. 


0- 


IV 


ao* 


w 


40- 


t>y 


w 







.00000 


.00891 


.00681 


.00873 


.01163 


.01464 


.01745 


69 


I 


.01740 


.02080 


.02826 


.02617 


.02008 


.08199 


.08460 


88 


3 


.08489 


.03780 


.04071 


.04801 


.04683 


.04948 


.05288 


67 


a 


.06388 


.'.06534 


.06814 


.06104 


.06396 


.06085 


.06978 


86 


4 


.00976 


.07365 


.07656 


.07846 


.06185 


.08435 


; 08716 


86 


s 


.06716 


.00006 


.09296 


.09684 


.09874 


.10168 


.10453 


84 


9 


.10462 


.10743 


.11031 


.11890 


.11600 


.11898 


.12186 


83 


7 


.13196 


.12475 


.12764 


.18063 


.18841 


.18039 


.18017 


83 


8 


.18917 


.14306 


.14498 


.14780 


.16068 


.16866 


.16648 


81 


» 


.15648 


.16980 


.10317 


.16604 


.10791 


.17078 


.17864 


80 


10 


.17804 


.17651 


.17987 


.18228 


.18609 


.18795 


.19080 


79 


11 


.19060 


.19860 


.10061 


.10086 


.20321 


.30500 


.20701 


78 


19 


.80791 


.21075 


.21869 


.31644 


.21937 


.82911 


.83490 


77 


18 


.23498 


.83778 


.33001 


.388*4 


.38687 


.38000 


.24193 


70 


14 


.34199 


.24474 


.24756 


.25088 


.36819 


.SS600 


.38681 


7S 


16 


.86881 


.20163 


.36448 


.30738, 


.27004 


.37984 


.87568 


74 


10 


.97668 


.97848 


.28122 


.88401 


.26680 


,38058 


.99287 


78 


17 


.99987 


.39615 


.29798 


.30070 


.30847 


.80634 


.80901 


79 


le 


.80901 


.81178 


,81464 


.81780 


.82000 


.83281 


.83660 


71 


19 


.82666 


.83881 


.88100 


,83380 


.88664 


.88928 


.84903 


70 


90 


.84303 


,84475 


.84748 


.86020 


.86808 


.86806 


.85880 


69 


ai 


.8588« 


180108 


.86879 


.80660 


.80990 


.87190 


.87460 


68 


93 


.87460 


.87780 


.87999 


.88808 


.88680 


.88806 


.89078 


67 


38 


:89078 


.89840 


.89607 


.89874 


.40141 


,40407 


.40078 


60 


U 


.40678 


.409S9 


.41304 


.41409 


.41788 


.41998 


.49361 


05 


36 


.43361 


.43626 


.43788 


.48051 


.48818 


.48675 


.48887 


04 


«t 


.48887 


.44098 


.44869 


.44610 


.44879 


.46189 


.46899 


$8 


37 


.45399 


.45058 


.46916 


.46174 


.40483 


.40690 


.46947 


69 


28 


.46947 


.47208 


.47460 


.47716 


.47971 


.48236 


.46481 


U 


39 


.48481 


.48786 


.48980 


.^343 


.49496 


.49747 


.60000 


60 


80 


.50000 


.60251 


.80508 


.60TO8 


.61004 


.61254 


.01008 


69 


81 


.61608 


.si7ra 


.53001 


.63349 


.59497 


.63745 


.69991 


06 


83 


.63901 


.58288 


.88484- 


.88780 


.58975 


.64219 


.04468 


67 


83 


.64468 


.54707 


.54950 


.66108 


.65486 


.56677 


.65919 


00 


84 


.66010 


.50100 


. .60400 


.86040 


.66880 


.67119 


.67867 


OS 


86 


.57867 


.67586 


.67883 


.68070 


.68806 


.68649 


.68778 


u 


3« 


.68778 


.60018 


.69243 


.69483 


.69715 


.59M8 


.60181 


58 


87 


.00181 


.00418 


.60646 


.60076 


.01106 


.61880 


.61668 


09 


86 


.61560 


.01795 


.63038 


.03961 


.63478 


.63705 


.03989 


51 


89 


.03083 


.68167 


.68888 


.08607 


.08833 


.64000 


.64376 


60 


40 


.61378 


.64801 


.64738 


.04944 


.65165 


.6SS80 


.6800S 


4» 


41 


.66606 


.QS88C 


.60048 


.00203 


.66470 


.60090 


.66918 


48 


43 


.60018 


.67128 


.07844 


.07669 


.07778 


.67980 


.68199 


47 


48 


.68109 


.68413 


.08624 


.08838 


.09046 


.60380 


.69109 


46 


44 


.09406 


.69674 


.00868 


.70090 


.70398 


.70504 


.70710 


46 




W 


w 


iv 


JO- 


W 


IV 


V 


D«r 



TABLE OF COSINES. 

Read degrees in right-hand oolnmn and minutes at bottom. 

Example: cos 56° 20' = .56486. 
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TABLE OF SINES. 

Read degrees in left-hand oolmnn and minutes at top. 

Eaunple: Bin 56* 80 = .88237. 



Dtt- 


V 


Iff 


lo' 


•o- 


ity 


BO- 


BO- 




« 


.70710 


.70016 


.71180 


.71836 


.71688 


.71781 


.71984 


44 


46 


.71984 


.73185 


.73330 


.73637 


.73787 


.72986 


.73135 


48 


47 


.78136 


.78383 


.73580 


.73737 


.78933 


.74119 


.74814 


42 


46 


.74814 


.74508 
.7S66I 


.74703 


.74895 


.75088 


.76379 


.75471 


41 


49 


.76471 


.75851 


,76040 


.76289 


.76417 


.76604 


40 


50 


.78004 


.70791 


.76077 


.77103 


.77847 


-77581 


.77714 


89 


61 


.77714 


.77897 


.78070 


.78260 


.78441 


-76621 


.76801 


88 


02 


.78801 


.78079 


■.79157 


.70336 


.79513 


.79688 


.79868 


87 


58 


.79863 


.80088 


.60313 


.80885 


.80558 


.80730 


-80001 


86 


S4 


.80901 


.81073 


-.81343 


.81411 


-81580 


.61748 


.8191S 


85 


55 


.81915 


.83081 


.83347 


.83413 


.83577 


.83740 


.82008 


84 


56 


.82903 


.88066 


.88237 


.83388 


.83648 


.88708 


.88867 


88 


57 


.838B7 


.64086 


.84183 


.84839 


.64496 


.84650 


.84804 


83 


53 


.04804 


.84058 


.86111 


.86364 


.85416 


-85666 


.85716 


81 


59 


.85716 


.85866 


-66014 


.86163 


.88810 


-86456 


.86603 


80 


00 


.86603 


.86747 


.86893 


.87036 


-87179 


.87830 


.87463 


29 


«1 


.87468 


.87603 


.87743 


.87881 


.88030 


.88157 


-68394 


88 


63 


.88294 


.88480 


.88366 


.88701 


.88835 


.B80S6 


-89100 


37 


08 


.89100 


.89383 


.80368 


.89408 


.89633 


-69751 


.89879 


36 


64 


.89870 


.90006 


.00183 


.00258 


.90363 


.90507 


.90680 


35 


•S 


.90680 


.90763 


.90876 


.90996 


.91116 


.91285 


.91854 


84 


66 


.913U 


.91479 


.91689 


.91706 


-91831 


.91086 


.03050 


38 


67 


.vaooo 


.93168 


.93276 


.92888 


.03496 


.93609 


.92718 


83 


68 


.98718 


.93827 


.92081 


.98041 


.03146 


.93258 


.98868 


21 


69 


.93868 


.98461 


. 83565 


.98667 


.98788 


.98860 


.98969 


30 


70 


.98969 


,94068 


.94160 


.94364 


.94360 


.94456 


.94661 


19 


71 


.04661 


.94640 


.94rd9 


.04882 


.94934 


-06015 


.96106 


18 


73 


.95106 


.96195 


.06883 


.05371 


.05468 


.95546 


.05680 


17 


78 


.95680 


,95715 


.96799 


.05882 


.95964 


.06045 


.96136 


16 


74 


.06136 


.96205 


.06384 


.06363 


.96440 


.96516 


,06693 


15 


75 


.96692 


.96667 


.96741 


.96614 


.96887 


: 96958 


.07029 


14 


76 


.97039 


.97009 


.97168 


.97337 


.97804 


.97371 


.97487 


18 


77 


.97487 


.07503 


.07566 


.97630 


.97692 


.97763 


.97814 


13 


78 


.97814 


.97874 


.97934 


.97903 


.98060 


.98106 


.99163 


11 


79 


.98163 


.08317 


.98373 


.98386 


.06378 


.98439 


.98480 


lO 


80 


.98480 


.98580 


,98580 


.98628 


.98670 


.08733 


.99768 


9 


81 


.98768 


.98818 


.08856 


.9890r 


.06944 


.98035 


.99020 


8 


83 


.99086 


.99060 


,99106 


.00144 


.00183 


.09316 


.99354 


7 


83 


.90354 


.90280 


.99883 


.99857 


.90889 


.99431 


.09452 


6 


84 


.99403 


.99483 


.90611 


.09589 


.90567 


.99503 


.90610 


6 


85 


.99619 


.99644 


.99668 


.99691 


.90714 


.99785 


.90756 


4 


86 


.99756 


.99770 


.99795 


99813 


.90880 


.99847 


.90863 


8 


87 


.99861: 


.99677 


.99891 


.09904 


90917 


-99038 


.09980 


3 


88 


.90089 


.99948 


.99067 


.99905 


.99973 


.09979 


.99981 


1 


89 


.99984 


.90989 


.90098 


.999:3 




.99999 


1.0000 
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TABLE OF COSINES- 

Read degrees in right-hand coluntn and mlnntes at bottotn. 

Example: 00s 7° W n; -99318 
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TABLE OF TANGENTS. 

Bead degrees in left-hand column and minatee at top. 

Example: tan 7° 10' = .1^78. 



OH- 


y 


w 


U' 


30- 


4ff 


Iff 


eo' 







.00000 


.00290 


.00681' 


.00872 


.01103 


.01454 


.01745 


89 


1 


.01745 


,02088 


.03337 


.03618 


.03909 


.03200 


.03483 


SS 


i 


.034B3 


.03788 


.04074 


.D4SQ8 


.04657 


.04949 


: 05240 


87 


8 


.09240 


,05582 


.05824 


.06116 


.06408 


.06700 


.06893 


86 


A 


.06892 


.07285 


.07577 


.07870 


.08163 


.(e456 


.08718 


65 


H 


.08748 


.09043 


.09385 


.09628 


.09033 


.10316 


.10510 


84 


a 


.10510 


.10804 


.11099 


.11893 


.11688 


.11988 


.12378 


83 


7 


.13278 


.12573 


.'13860 


.13105 


.13461 


.18757 


.14054 


83 


8 


.14064 


.14350 


.11647 


.14B45 


.15312 


.15640 


.16838 


81 


9 


.15838 


.10186 


.16436 


.18734 


.17083 


.17333 


.17633 


80 


10 


.17083 


.17988 


.18233 


.18533 


.18884 


,19136 


.19438 


79 


11 


.19438 


.19740 


.30043 


.30345 


.20648 


: 30951 


.21355 


78 


IS 


.81266 


.21669 


.21804 


.23189 


.33474 


.22780 


.38088 


77 


18 


.33086 


.23898 


.33700 


.24007 


.24315 


.34624 


.24982 


76 


U 


.2U33 


.36342 


.35651 


-25861 


.38173 


.28488 


.36784 


76 


15 


.367M 


.27106 


,27419 


.27732 


.28048 


.38380 


.28674 


74 


le 


.28674 


.28989 


.29ao.-s 


.39631 


.29038 


.30255 


.30573 
.®493 


73 


17 


.80578 


.80891 


.81310 


.81629 


.31850 


.32170 


73 


18 


.83492 


.32818 


.88136 


.83459 


.38783 


.84107 


.84483 


71 


10 


; 84432 


.34768 


.35084 


.85411 


.35739 


.36067 


.86897 


70 


20 


.38387 


.36736 


.87057 


.87388 


.87720 


.88058 


.88388 


69 


31 


.38880 


.83720 


.89035 


.39391 


.39727 


.40064 


.40403 


66 


22 


.40403 


.40741 


.41080 


.41421 


.41782 


.43104 


.42447 


67 


28 


.42447 


.42791 


.48186 


.43481 


.43827 


.44174 


.44533 


6ti 


24 


.44523 


.44871 


.45321 


.45573 


.45934 


.46277 


.46880 


85 


SS 


.46680 


.4G985 


.47341 


.47607 


.48065 


.48413 


.48773 


64 


28 


.48778 


,49133 


.49495 


.49858 


.50331 


.50588 


.50863 


88 


87 


.60853 


.51319 


.51887 


.53066 


.62427 


.52798 


.53170 




28 


.58170 


.63544 


.53919 


.54295 


.54672 


.55051 


.56480 


61 


29 


.55480 


.55811 


.56193 


.56577 


.56961 


.57347 


.57785 


60 - 


80 


.67785 


.68133 


.58513 


.58904 


.59297 


.59890 


.60086 


69 


SI 


.60080 


.60483 


.60860 


.61280 


.61680 


.68083 


.62486 


68 


82 


.63486 


.62893 


.63298 


.68707 


.64118 


.64528 


.64940 


67 


83 


.64940 


.65355 


.65771 


.60188 


.66607 


.67028 


.67460 


S6 


84 


.e74r>o 


.07874 


.08800 


.08728 


.80157 


.69588 


.70020 


65 


86 


.70020 


.70455 


.70891 


.71839 


.71769 


.72310 


.73654 


64 


30 


.72954 


.73099 


.73540 


.73990 


.74447 


.74900 


.75865 


58 


87 


.75355 


.75812 


.70371 


.76733 


.77195 


.77861 


.78138 


53 


88 


.78138 


.78598 


.79060 


.79543 


.80019 


.80487 


80878 


51 


89 


.80978 


.81461 


,81948 


.83483 


.83933 


.88415 


.83910 


60 


40 


.83910 


.84406 


.84900 


.85408 


.85912 


.88419 


.86828 


40 


41 


.86938 


.87440 


.87055 


.88472 


.88992 


.89515 


.90040 


48 


42 


.90040 


.90568 


.91099 


.01633 


.92160 


.92709 


.98351 


47 


43 


.93201 


.93796 


.1)4345 


.»4e98 


: 95450 


.96008 


.96668 


40 


44 


.90568 


:97133 


.97690 


.98269 


.98843 


.99119 


1.0000 


45 
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TABLE OF COTANGENTS. 

Read degrees in right-hand oolomn and minutes at bottom. 

Example: cot 58° 30' = .66607. 
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TABLE OF TANGENTS. 

Reftd degrees in left-hand oolamn and minutes at top. 

Example: tan SB" 20' = 1.S018. 



De.. 


tf 


Iff 


w 


W 


Iff 


W 


so- 




4S 


1.0000 


1.0068 


1.0117 


1.0176 


1,0235 


1.0295 


1.0855 


44 


AS 


1.0S5S 


1.0415 




0476 


1.0537 


1,0699 


1.066! 


1.0733 


43 


47 


1.0783 


1.0786 




0849 


1.0918 


1.0977 


1.1041 


i.noo 


42 


48 


1.1106 


1.1171 




1336 


1.1308 


1,1869 


1.1436 


1,1503 


41 


49 


1.1608 


1.1571 




1639 


1.1708 


1.1777 


1.1847 


1.1B17 


40 


50 


1.1917 


1.1988 




3059 


1.3181 


1.8303 


1.8375 


1 3349 


89 


61 


1.2849 


1.3433 




8496 


1.8571 


1.2647 


1,3728 


1.3709 


88 


S3 


1.S799 


1.2876 




3964 


1.3033 


1.3111 


1.3190 


1,3870 


37 




1.8370 


1.8351 




8483 


1.3514 


1.3699 


1,8680 


1.3763 


89 


H 


1.8763 


1.8848 




3933 


1.4010 


1.4106 


1,4193 


1,4381 


85 


-55 


1.4281 


1,4370 




4469 


1,4560 


1.4641 


1.4738 


1.4885 


84 


SS 


1.482< 


1.4910 




6018 


1.5108 


1.5204 


1.5301 


1.6398 


88 


B7 


I:B898 


1.6497 




5596 


1.6696 


1.6798 


1.6900 


1.6003 


33 


58 


1.6003 


1.6107 




6813 


1.6318 


1,6435 


1.6533 


1,6642 


81 


59 


1.6643 


1.6753 




6864 


i.6978 


1.7090 


1.7304 


1.7330 


80 


eo 


1.7830 


1.7487 




7555 


1.7674 


1.7795 


1.7917 


1.8040 


30 


61 


.1.8040 


1.8164 




8290 


1.8417 


1.8546 


1.8676 


1.8807 


88 


93 


1.8807 


1.8040 




9074 


1.9309 


1.9347 


1.0485 


1.9636 


27 


63 


1.0626 


1.9768 




9911 


2.00S6 


2,0203 


2.0852 


2.0503 


29 


64: 


3.0603 


3.0655 




0809 


3.0966 


3.1133 


2.1283 


3.1445 


^> 


65 


3.1445 


3.1609 




1774 


8. 1948 


3,3118 




3.2460 


24 


OS 


8.3460 


3.2637 


3 


3816 


2.8998 


3.3183 


3.8869 
2.4645 


2.8558 


23 


67 


3.3558 


2.8750 


3 


3914 


2.4148 


3,4342 


3,4750 


29 


OS 


U.4760 


3.4059 


.3 


5171 


3.^6 


3,6604 




3.6050 


21 


6» 


2-6060 


2.6879 


3 


6510' 


8.6746 


3.6985 


2!7226 


3.7474 


30 


70 


2.7474 


2.7725 


8 


7980 


3.8389 


2.8503 


8.8770 


3.9048 


19 


71 


8.9043 


3.9318 


3 


9600 


2,8886 


8.0178 


3.0474 


8.0779 


18 


72 


8.0776 


3.1084 


8 


1BB7 


3.1716 


8.8040 


8,8371 


8.2708 


17 


78 


3.2708 


3.3053 


8 


3403 


8,3759 


3.4138 


3.4495 


8.4874 


16 


74 


8.4S74 


8.5360 


8 


5655 


3.6068 


3.6470 


8,6890 


8.7820 


15 


75 


8.7830 


8,7769 


8 


8308 


8.8667 


8.9136 


3.9616 


4.0107 


14 


76 


4.0107 


4. 0610 


4 


1125 


4.1668 


4.8193 


4.3747 


4.8314 


18 


77 


4.3314 


4.8896 


4 


4404 


4.5107 


4.673a 


4,6383 


4.7046 


13 


78 


4.7046 


4.. 7738 


4 


8430 


4.9151 


4.9804 


5.0663- 


5.1445 


11 


79 


6.144.T 


6.2260 


6 


3098 


5.8955 


5.4846 


5.5793 


6.6712 


10 


80 


5.6713 


S.7093 


5 


8708 


5.9757 


6.0844 


6.1970 


6.8187 


9 


81 


6.8187 


8.4343 


6 


5605 


6.6911 


6.8369 


6.9683 


7.1163 


8 


63 


7.1163 


7.2687 


7 


4387 


7,5057 


7.7703 


7.9530 


8.1443 


7 


83 


S.1443 


'8.3449 


8 


5555 


8.7768 


9.0O98 


9.3653 


9.5143 


6 


84 


0.6143 


9.7881 


10.078 


10,385 


10,711 


11-059 


11.430 


5 


85 


11.430 


ll.SSfl 


13.850 


12:706 


18.196 


13,728 


14.800 


4 




14.800 


14.984 


16.604 


16.349 


17.169 


18.075 


19. OBI 


3 


87 


19.081 


20.805 


31.470 


28.904 


34.641 


36.431 


38:636 


2 


88 


38.636 


81.341 


34.367 


88.188 


43.064 


49.103 


57:390 


1 


69 


67.200 


68.750 


85.989 


114.68 


171.88 


843.77 


ao 
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TABLE OF COTANGENTS. 

Bead degrees in right-hand column and minutes at bottom. 

Example: oot 7° 10' = 7.9580. 
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62 SHOP ARITHMETIC 

following pages the heading reads "Table of Tangents," and at the- 
bottom of these pages le the legend "Table of Cotangents." At tbe- 
top of the tables themselves we find that the headli^ of the extreme 
left-band column reads "Deg." and then the following columns are 
beaded 0', ICK, 20', and so forth. If we look at the bottom of the pages, 
we find the same legends under the columns, but reading from the 
extreme right-band column to the left. The purpose of this will be- 
Immediately explained. 

When we wish to find the sine or tangent for a given angle, we first 
And the number of degrees In the extreme left-hand column of th& 
respective tables, and then the number of minutes at the top of the 
columns. We then follow the column over which the number of min- 
utes Is given downward until we come to the ^mre In tine with 
the given number of degrees. Thta figure Is then the numerical valufr 
which we call the sine or the tangent, as the case may he, for the 
given angle. If the angle Is given in even degrees, with no mlnntw 
given, the corresponding valne will be found opposite the number of 
the degrees In the column marked 0' (the elgn ' indicates mlnutas. 
JuBt as the elgn ° Indicates degrees). 

The cosines and tangents of angles are found in the same tables as 
the sines and tangents, but when we want these quantities we read 
the tables from the liottom up. The number of degrees we find in 
the extreme right-hand column, and the number of minutes at the 
bottom of the columns. This is the reason that we read the legends 
"Ckjslnes" and "Cotangents" at the bottom of the pases, because these 
functions are read from below and up. If the number of minutes given 
should not be an even number, as 10', 20', 80', etc., but 26', for instance, 
it is, tor nearly all calculations in the shop, near enough to take the 
Bgures given for the nearest given number of mlnntea, being in this 
case, then, for 30 minutes. ■ 

If we now return to our formula 

27 



CDS 36 deg. 
we find In the table on page 49, opposite 36 degrees in the right-hanA 
column and In the column marked V at the bottom, the figures 0.80901. 
ThU Is the cosine for 36 degrees, and should be placed In the formula 
instead of the expresBlon "cos 36 deg." We have, then, as we have 
already shown, 

O.S090i 
which we can calculate by simple division. 

Suppose the angle had been 86 degrees 20 minutes, instead of 3S 
degrees even. We then would have read the figures In the column 
marked 20' at the bottom, and opposite 36 degrees we would have found 
0.S055S. A few more examples will tend to make the use of these 
tables clearer. 

In a right angle triangle, as shown In Fig. 41, the side BC, which Is 
opposite the right angle, eqnals the side AB divided by the cosine Of 
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TABLES OF SINES AND TANGENTS 53 

the aogle fi. Included between these two Bides. Bxprsseed as a formula 
this rule wonld be: 



cos^ 
In a particular case let us assume that AB eanals 6 Inches and the 
angle 1b 37 degrees. How long Is the side BCt 

e 

According to our lormula, B0-= . The cosine Tor 37 de- 
cos 37 deg. 

6 

grees we find from the table to be 0.79863. Then BC=— =7.51 

0.79863 

In order to become familiar with the use ot the tables, let us find 
the sine for G6 degrees 20 minutes, or, ss it Is written In formulas, 
sin l>6° 20'. The "slnea" are found by reading the tables from tbe top. 
Find 56 in Qte tables of Bines In the left-hand column and read oil the 
value 0.S3227 In the column marked 20'. This Is tbe Bine 56° 20'. 

Find the tangent for B6 degrees 20 minutes, or, as it is written, 
tan 56° 20'. Exactly In the same way as we found the sine, we find 
the tangent In the tables headed "TaneentB" to be 1.5013. 

Tbe cotangent for tbe same angle (cot 56° 20') Is found by reading 
the table from the bottom, first finding 56 in the right-hand column, 
and the required value In line with this figure 56 In the column marked 
20* at tbe bottom. The (otangent of 56 degrees 20 mtnuteB we thus 
find to be 0.66607. 

These tables are conetantly used when figuring triangles. In every 
triangle, if we know the length of all the three tides, or of two aides 
and the measure in aegrees of one angle, or of one Hde and tioo anglet, 
we can figure the other sides or angles by means ot certain formulas 
into which these angular functions enter. 

Suppose, tor Instsnce, that we call the three Bides in a r^ht angle 
triangle a, b. and c, as shown In Fig. 42, and the angles opposite those 
Bides A, B, and C. The angle A. of course, is a right or 90-degree angle. 
Then, for all right angle triangles these formulas hold true: 



cos B sin (7 

b=iacoaC; A^osIuB; 

& = ctanB; b^ccotC; 

c=::<icosBi c = 0BlnC; 

c = 6tanC; c=6cotB. 

It will be remembered that expressions such as c cot C mean simply 
c X cot C. 

By means of the formulas given above, and a table of sines, cosines, 
etc., either of the sides in a right angle triangle may be found when 
one side and one angle, besides the 90MlegTee angle, are known. 
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two sides are known, but no angle DuUlde ol tbe WMwree angle, the 
tUrd side may be found from the formnlas on page 43, and the 
an^ei found from the formalaa: 



Thus, suppose that In Pig. 42 b^4 Inches and c = 3 Inches. 
Then a = V(4)' + (8)' - y/W+9 = ^26 = S incbee. 
To And angle h, write 

& 4 
sin B = — ^ — ^0.800, 
a B 
and from our table of sines, finding 0.800 In the column marked 10' at 




the top of the page, we find that the angle B is 53 degreea 10 mlotitea, 
very cloeely. Angle is found from formula 



co«(7 = 



=—=0.800. 



This angle is then 36 degrees 50 minutes as read from below in the 
tables of cosines at the bottom. 

For the flDdlDg of any angle or side' in any triangle when tbe 
requisite number of sides or angles are given, the chart on page GS. and 
the tables of angular functions are used. The whole process conslatB 
•merely in finding tbe corresponding value of tbe function of the angle 
in tbe table, insert It Into tbe formula, and figure as If the whole were 
simple arithmetic. This simple process of figuring angles embodies tbe 
principles of what is called, In mathematics, rriffonometry. But com- 
plicated names do not, as we have seen, necessarily Imply complicated 
processes of figuring. 

We will figure an example to show the use of the chart on pige 66. 
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TABLES OF SWES AND TANGENTS 
CHART FOR SOLUTION OF TRIANGLES' 



^f^If 



^g=5- 



jfoJ 



~^r 



s^ 



"^ 



i^i:. 



aalnB 



JIPa 



'^ 



•Si 



"^Sr 



^i 



^s 



'SH 



^ 



^nC 




irlm mr foilotrhtf tuCtpHom 

Oirm fno jtMr andlfie angiilr epposl/w ertf af/^rm; Mtn, 
If im 31^ cppaiift i* Mtt ifiart mt oMicent X tfi^iJnt 
ef ma angn, fff trianffM i» itr^otM/M^ erifffits/e^ 
tm>e*}t«'tfit a^ae«nfx ffMM/t^offftmanafm, 
fna fr/angta 13 a ri'ffhf- friang/t; or/f ffit s/or^f?- 
pesIM IS /€33 ffran f^ tt^crnt ii/f ^MS nofeoma 
vncftr f/>' abort, f/tm triangi/t /s e^a^M of Mo 
f^lutiena ana car? bt ^rair/t a* In n'g. S aii^m// 



i>- In-aomt eatms ttto^t^a art rMctttarjf fosa/f^ 
as for txamp/t^ flaring g/itfr ^ftlu a tnti b anet 
efigf^ A, fa find c : ffrt formi/fo rtaas 
e- " li" -^ 6i/f anaft C mat/ fi'raf M iftr/r*tf ftom 
•**''♦ C-iaO'-tA^Bha^^fft'omtai^fn 
» otfitr angfts in ctrfain oatts at ia of^artnraieKt. 
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Assume that In a triangle as shovn In Fig. 43, one side c la known 
to be 6 Inches long. The angle A equals 50 degrees and B ii 68 de- 
grees. How long are sides a and b, and bow many degrees Is angle 0? 
The parts given are aide c and angles A and B. We, tberefore, 
first find In our chart tbe line containing the formulas corresponding 
to our problem. We find that tbe extreme left-hand column Is beaded 
"Parts glTen," and following It down we finally find "e — I A— £B,' 




In which the sign £ simply stands for "angle." In line with this In 
tbe table we Snd tbe tormulae for finding the sides a and b, and tba 
angle O (^0), as follows: 

osinJ. CBlnB 

o= ; 6 = ; C = 180°— (i-l-B). 

sin C Bin C 

Substituting In these formulas .the values (or c, A, and B, we have: 

6 X Bin EO deg. S Y. sin 68 deg. 

a= ; 6= , 

sin C sin 

In these formulas, however, we find that sin C Is required. Tbe 
angle O Is found from the third formula given: 

= 180'— (BO" -1-68'')= 180" — 118-=:82 degrees. 
We have then, 

6 X sin 50 deg. 6 X sin GS deg. 

a = ; 6= . 

sin 62 deg. sin 62 deg. 

We now find, from our tables of sines, the value of the espresslons 
"sin 50 deg.," "sin 62 deg.," and so forth. These values we put In plaee 
of these expreaslons in our formulas, and obtain: 
6 X 0.76604 
o= = 6.206, 



0.88294 
We have thus found that the sides a and b equal 5.S06 and 6.301 
inches, respectively, and the angle C, 62 degrees. 
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The present treatise Is one unit tn a comprebenalve series of Inexpensive 
reference pfttnphletB, broadly planned to present the very best that has been 
published on machine design, construction and operation, collected from 
Maciii.'4eby, classified and carefully edited by MAcmNEST's staff. The titles 
of twenty-four of these pamphlets, with an outline of the contents of each, 
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quired to adequately cover Its subject, and Is printed with wide margins to 
allow for binding In sets If desired. .... 

The price Is 25 cents for each pamphlet to subicriJters for Machinebt, and 
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accordance with special otters. For Information In regard to these offers, 
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INTRODUCTION. 



aBNEBAIi REMARKS ON SELF-EDUCATION. 

Tbere are several vays of obtaining an education: The easiest and, 
until recent years, the usual way Is to begin at the age of seven and 
continue steadily at school till the age of twenty-four, at father's 
eipenee. It is a fortunate fact that education is by no means unat- 
tainable otherwise; Indeed many of the greatest and most widely 
useful educations the world has known have been obtained almost 
without a look at the inside of a school. A second method, quite 
modern. Is the correspondence school — moat excellent in many respects, 
yet not completing the available ways of obtaining an education. The 
final method Is that of self-educatloa. The author has obtained a very 
large share of his education In this manner, and has, as well, assisted 
others to do the same, and K is to explain the possibilities of this 
method, and to plant the seed of self-help elsewhere, that this and the 
following chapters have been written. They are divided into four heads 
dealing with the following subjects: 

1. Present Introduction, explaining general methods to he fol- 
lowed. 

2. Technical reading of Journals, catalogues and tormulaa. 

3. Strains set up In machine materials, and strength of materials 
to resist them. 

i. Graphical methods In use In machine designing and technical 
writing. 

It Is the aim ot these chapters to start tlie ambitious young man of 
sufficient grit upon a path which. If rightly followed, will In the future 
surely place him on par with those more fortunate men of his. age who 
have enjoyed a college education, and to leave him In a position to 
continue to read and study and to understand the technical dis- 
cussion and articles on design which appear In the technical press. 

Engineering education does not consist In knowing things mechanical 
— very far from it. It consists only in knowing where to find technical 
Uteratnre upon any given subject when it is wanted, and knowing how 
to read it when It is found. Therefore, the first thing needed by our 
student is a place to store his newly acquired knowledge, aside from bis 
head. The author's first attempt In this line resulted In a book having 
black canvas covers and a flexible back. Tapes were provided to lace 
In the leaves, which were' made of fairly heavy cardboard, perforated 
for the tapes, and having a flexible strip along the perforated edge to 
enable the leaves to turn back properly. Twenty-six alphabet leaves 
were made similar to those In dictionaries and memorandum books, and 
a supply of extra leaves kept on baud. 

Clippings from papers and catalcgues were pasted on blank leaves 
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and Inaerted uDder the proper letter, also aotee and formulas received 
from otbers were written In. making the book a record of past work 
and study. Tbe booh, finally becoming too large to be convenient and 
too small to hold everything to be preserved, gave way to the card Index 
and filing case.* 

Having provided a Bystematlc way to Hie our clippings, we are ready 
to consider the sources of the same. First subscribe (or one or two 
o( the leading technical journals devoted to your line of work. Make 
a practice of sending for catalogues of machinery manufacturers, and 
file tbera In the filing box. Many catalogues present, besides the goods 
manufactured, tables and 'data of value. If you can clip out these 
tables and file them In the card Index without destroying the cataJogue, 
do so; If not, make an entry In the card Index to show where they 
may be found, before filing the catalogue. Always write your name in 
the catalogues, for as the file grows, you will find demands upon It 
from others, and thU will aid In keeping the file intact. Rememt>er 
that a catalogue received Implies confidence on the part of the sender 
that It will eventually prove of use to him by bringing his goods before 
pOBslhle purchasers, and for this reason, as well as for your own oon- 
venience, all catalogues received should be listed and filed. 

Duplicate clippings, such as tables, may often be exchanged with 
others, and thus our files are enlarged. This is not meant to encourage 
a mere mania tor collecting — far from It. We should so study all 
data filed as to understand It at the time, and If found dlDcult, 
make such notes as will readily recall the study to our minds In the 
future. 



No, 2, DraRfng.Room Practice, pace H : 
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CHAPTER 1. 



MATHEMATICAL BIQUS AND EXPRESSIONS. 

The firet thing to be done in preparation for study, and lor reading 
the technical papers, Is to become familiar with the engineering lan- 
guage. The spoken engineering langvage Ib of course the native tongue 
of the country, with, however, plenty of new words to master; but the 
teritten engineering language consists very largely of symbols, so like 
those of higher mathematica la appearance as often to discourage the 
beginner from further efforts. In the written engineering langvage, 
rules, Instead of being written in the native tongue, are expressed 
by combinations of these symbols, and when so expressed are called 
formulas. 

Now, tbe mathematician, when deriving a formula, uses the same 
symbols as the engineer when writing a formula, and If we accept 
the work of the matliematlclan as correct, we need pay no attention 
to the use of these symbols In deriving formulas, but give our atten- 
tion to learning to read the symbolic language of the engineer with 
sofflclent ease to enable us to ftdlow the operations called for by any 
formula we may wish to use. 

The ftdlowlng table estaiblts In the first column the symbols most 
frequently met with; In the second column the arithmetical equivalent 
of the symbols Is given, assuming that a ^2 and b^A; in tbe third 
column the symbols are expressed In English to give the proper method 
of reading the symbols. 



I equals 2 b equals 4 
7 plus 6 equals c 
) minus a equals d 



ab=e\ 
aia + b)=! 
b-i-a = h-] 

f L 



a <b 
b> a 



■'y- 4 12 C 6 is to a as r Is to c 

„_ \ - = — \ t) divided by a equals f divided by v 

' \ i 9 [b over a equals f over c 

Goo»^lc 



e USE OF FORMULAS IN MECHANICS 

a' = b 2X2:=4 a square equals 

ti' = k 4X4X4 = 64 b cube equals k 
V6^o V4 = 2 square root of b equals a 

f' e^a ('< 8 ^ 2 cube root of e equals a 

Bxamples of Formulas. 
Let us now take the simple case of finding tbe area ot a circle whose 
diameter we know. Expressed In English the rule la: Hultlplr the 
diameter by Iteelf, then multiply the resulting product by 0,7864. The 
result 1b the area of the circle. If the diameter Is expressed tn Inches, 
the area will be expressed In aquare Inches. The corresponding mathe- 
matical expression is 

J, = 0.7864(P (1) 

where A = the area la square inches, 
<l = the diameter In inches. 
Now, to solve this expression for a particular case, suppose we wish 
to know the area at a circle nine Inches In diameter. We simply sub- 
stitute for d' Its numerical value, and perform the Indicated operation, 
thus: 

A = 0.7854 X9 X 9 =: 0.7864 X 8l = 63.617 square Inches. 
Take as another example the formula for the indicated horse-power 
of an engine: 

PLAH 

H.P. = (2) 

33,000 
where P=:tbe mean effective pressure in pounds per square inch, 
Zi^the length of stroke in feet, 
A = the area of the piston In square Inches, 
^3= the number of strokes per minute. 
The whole information as to how to determine the Indicated horse- 
power of an engine is given in the above email apace, while to write 
the aame In English would require half a page or more of the space 
at our disposal. 

Take the case of an 8 x 10-lnch engine running at 100 revolutions 
per minute under 125 pounds mean effective pressure; here we have: 
P = 125 pounds, 
10 Inches 

L = = 0.833 feet, 

12 
A = 0.7854 X 8 X 8 = 50,26 square Inches. 
A' = 100 rev. per min. X 2 = 200, 
Then, 



Formutaa for the Functions of AdcIsb. 
reader of engineering literature frequently encounters trlgo- 
elrlcal pxpresslone. and must know how to treat them. They are In 
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SIGNS AND EXPRESSIONS ' 

reality about the easiest ot all engineering texms to deal with, al- 
though often proving a BtumbJlng block to beginners becauss of their 
peculiar names and unfamiliar looks. They are always used in connec- 
tion with a given angle, and are called the trtoonometrieal fuiictions 
of the angle. They are as follows for angle A In Fig. 1. In the 
formulas where the sides are given as AC, CB, etc., the length ot the 
side la inches is meant. 



Sin A = 



fTS^ apposite side, j1£^ adjacent side, AC ^hypotenuse. 
Called. Written. Rule. 

opposite side divided by by- 
AG 
AB 



potenuse. 



cosine of A 
tangent of A 
cotangent of A 



cosj1=— 



hy 



AC 



AC 



, „, . „ , hypotenuse divided by adjacent 

1 or A sec A _ ^ ^ ^j^ 

cosecant of A cosecA=— '";^*^''"'^ ^^^^""^ ^^ "PP"""^ 

Tables will be found in the hand books * giving the numerical values 

for these expressions tor all angles. Tbe following Is an example ot 
such a table: 

Angle. sine. cos. tan. cot. 

10 degrees 0.1736 0.984S 0.1783 B.671 

0.1908 09S16 0.1944 6.144 

0.2079 0.9781 0.21S6 4.705 

Klffht Annie Triangles. 
There Is also a proposition In geometry so commonly used as to 
demand recognition whenever met. It is called the rule of the squares 
ot a right angle triangle. In Fig. 2 let A B C be a right angle tri- 
angle, having angle C B A for the right angle. It we draw a square 
on each elde as shown, the rule says that the area of AD EC Is equal 
to the area ot ABHI plus the area of BCFO. The rule Is usually 
espreaaed thus: The square on the hypotenuse is equal to the sum 
of tbe square of the other two sides. Given expression as a formula 
the rule Is: 

AC = AB^ + BC (3) 

•See Machinibt'b Betprrurp Sirifs. So. IR. Shop ArKhmpllc (or tbe Mu- 
chlnlBt, pages 48-61: Tabk^a of Sirps .uid TannenlB, 
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Witb the help ot this formula and the trlEonometiical functions of 
the angles, we can solve any problems of the rl^t angle triangle, as 
lllustratecl In the following example. We have aa Inclined plane or 
an>roacb like Fig. 3 to make, and wish to know the angle and the 
length of the Incline, knowtng the height £C to be 2Z\i Inches, and 
the length J. £ to be 10 feet. 

A B =10 feet = 120 Inches, 
OB 23.25 Inches 

tan a = = — , = 0.194 

AB 120 Inches 
liooklng In the table of functions of angles we find opposite 0,194 




In the column of tangents that the angle a Is 11 degrees. From (3) 
we have 

jl(r = AB' + BC==120'+23,2&= = H400+ B40.B6 = 14940.56 
then, 

j1 = ^/ 14940.56 = 122.2 Inches. 
Thus we find tbe angle of Inclination la 11 degrees, and the length 
of the Incline Is 122.2 Inches, A table of square roots will be found 
In an; ot the handbooks. 
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BTRBNOTH OF MATERIALS. 

Having mastered tlie written enetneerlng language aufflclently to 
deal BuccesBfully with formulaa, the next step la to make the acquaint- 
ance of Buch engineering terms as are most frequently met with. Fore- 
most among these are the terms relating to the strength of materials. 

If a bar Is laid across two supports aa in Fig. 4, and a weight placed 
in the center of it, we shall, If the bar be limber, witness the bending 
of the bar as shown, or as expressed In engineering terms, the deflec- 
tion of the bar. It Is obvious that the stlffer the bar, the leas th* 
deflection, and that a bar might be so lacking in stiffness as to actually 
break when the weight la placed upon it. ' Nov the bar may lack etift- 
neas from one of two causes; It may be that Ita dimensions are not 
well proportioned, or It may be made of soft and pliable materials. 
Sometimes both these causes are combined in the same bar. If the 
bar does not break when the weight Is placed upon It, we must admit 
three facts; first, that the weight benda the bar; second, that the bar 
reslBts the bending; third, tbat the bar Is able to resist the bending 
because It Is large enough and made of stiff enough material. 
ImportMit Doflnltlona. 

The bending effect that the weight has upon the bar Is called the 
bending moment upon the bar due to the weight. The ability of the 
bar to resist the bending Is called the moment of resistance of the 
bar. How these names flrst came Into use the author does not know; 
perhaps there Is no explanation, but the reader must not confuse the 
terms with any period of time because of the word moment. Time 
has nothing whatever to do with the strength of the bar, or the effect 
of the load upon It, except (or such materials as wood, when loaded 
near to the limit of endurance. 

In Fig. 4, the point at which the greatest bending occurs Is directly 
under the weight, and we say the bending moment Is maximum at 
this point, and the moment or resistance of the bar must equal the 
fflaxintum, bending moment at this point In the bar. In using the 
term bending moment, the engineer usually means the maximum bend- 
ing moment, because this has the greatest bending effect upon the bar, 
and we shall hereafter drop the word maximum. 

Belatlon tietwaen Bending Moment and Moment of ReBlstance. 

If now we let if = the bending moment on the bar, and R = the 
moment of resistance of the bar, we can express the relation of the 
two aa given above thus: 

« = «. (4) 

We said that the maximum bending moment was under the weight. 
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and If the weight Is placed furtber along on tbe bar, nearer one sup- 
port than tbe other, the maximum bending moment will move with 
the weight. Also, if the bar U dlOerentlj' supported, the maximum 
bending moment will be at another point. For all ca«ea ol frequent 
occurrence engineers have tables oC formulas giving the pOBltlon and 
amount of the maximum bending moment, bo that It Is only necessary 
to find In tbe tables the same case as the one we are considering, and 
taking the formula there given, subelitute for the Ifltera the corre- 
sponding dimensions In our case, and we have a numerical expression 
for the bending moment. The formulas given in theee tables consist 
of combinations of dimensions measuretf along the bar, and weights 
of the loads on th'e bar. If, when substituting values tor letters In 
the formula, loads are taken In tons, and distances in feet, the bending 



= total load. 
1 =: length of beam in Inches, 
J = moment of inertia. 
Z= section factor. 

^ X. Beam fixed at one «nd and 

—-a loaded at tbe other. 

J Max. bending moment at point 

' of support =: W J. 

Beam supported at both ends. 

, _0 Single load In middle. 

nt„ II. "Jm W'^'' '****■ Ijwdlng moment at mld- 

' ~'' die of beam . 

moment will be expressed in foot-tons, while If loads are taken in 
pounds and distances In Inches, the usual custom, the bending moment 
will be expressed In Inch-pounds. 

Table 3 Is a small portion of such a table as may be found In any 
book on machine design in any drafting room or factory, as well as 
in all the hand books isBued by the steel mills. 

So much for the first member of our equation, the bending moment 
on the bar. We have already seen that the bar offers resistance to 
bending by reason of two things: Its dimensions, and the character of 
Us material, and we should expect to find both dlmenalana and 
materials accounted for in the formula for the moment of resistance 
of any bar. This Is just what the formula for the moment of resist- 
ance does. It is composed of two parts or terms, one of which 
expresses the resisting effect of the material of the bar, and the other 
expressing the resisting effect possessed by tbe bar because of Its shape 
and size. l>et ua Investigate each term by Itself, taking first the resist- 
ing effect of tbe material. 

TenalOD and Compression Btresees. 

Let the reader take an ordinary rubber eraser of the form shown 
in Fig. 5. and bend It aa shown in Fig. 6. While holding the eraser 
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In the beat posftlon, draw a sharp knife across the top side. The cut 
Immedi&telr spreada out In the form of a V as shown at a. Draw the 
knife a second time through the same cut and the V spreads a Utile 
more. Now draw the knife across the bottom. The cut Immediately 
closes up as at fl. Draw the knife a second time across the same cut 
and It will Btlll close up completely. In making the second cut on 
this side It may be necesaary to release the eraser from the bent posi- 
tion, because the closing cut grips tlie knife blade afld makes cutting 
difficult, but the cut will close, upon again bending the rubber. 

Having made the two cuts a and D, reverse the bend In the eraser 
and witness the closing of cut a and tlie opening of cut 6. Now if 
you are a careful experimenter, you can start two such cuts as a and 
& directly opposite each other,' and by cutting each one the same 
amount each time, you can succeed In bringing them nearly together 
in the center aa shown at c Of course, it will be Impoaaible to bring ' 




them quite together, because that would cut the eraser apart, but by 
a little care you can aatlsfy yourself of theae tacts: that the portion 
of the eraaer above the center line xi separates when cut; and that 
the portion below the line closes when cut. Reversing the bend of 
the eraser as before reveraas the behavior of the cuts, but observe that 
wbichever way the eraaer is bent, the opening cuts are to be found 
on the convex side, and the closing cuts on the concave side. 

We know that all material (engineering and building material at 
least) Is composed of fibers, and we muat conclude from the behavior 
of our eraser that all the fibers on .the convex aide of the line xx 
are streached when the eraser Is bent, while the fibers on the concave 
side of xz are compressed. Slnce^Iie cut through the stretched fibers 
opens like a V, we may conclude that those fibers lying at the top ot 
the V are stretched more before the cutting than those lying at the 
point of the V. A careful examination of the cut made through the 
compressed fibers will show that at the outer portion of the cut, the 
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edges are raised allgbtl;, vhlle at the inner portion, near the center 
of the eraser, the edges are not raised. We can account for this only 
b7 assuming that the flbere at the outer portion are more compressed 
than tboee near the center of the eraser. 

Having performed these experiments and noted the results, we must 
admit the following facts: let, that half the fibers of a bent bar are 
In compression while the other half are stretched, or, as engineers say. 
are In tension; 2nd, that the amount of compression or tension [s 
greatest at the outer portion of the bar, and diminishes towards the 
center of the bar; 3rd, that It follows from this, aa well as from 
e«perlmentB with cut a, that th^re must be a Hue through the center 
ot the bar where the flbers are neither in oompresBlon nor tension. 

Now the Dbera resist any change In their condition, either stretching 
or compressing, the amount of resistance dinerlng in ditfereiit 
materlalB, Iron fibers rsslBt more than rubber fibers for Instance. 
When a bar Is bent, engineers speak of the fibers as being under 
stress, some being under compressive stress, and others under tensile 
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Stress, as we have seen, and they speak of the bar as being subjected 
to fiber stress. Now, fiber stress is expressed In pounds per square 
inch, and it Is the duty of the engineer when designing a beam or 
other structure to heep the fiber stress within safe limits, and these 
safe limits are given in hand boolts tor a great variety ot materials, 
in tables ot which Table 4 Is a sample. 

PB<^ors Determining ttae Uoment of BeelBttuioe. 

Since the material composing the bar derives Its ability to resist 
bending by reason of the resistance of its fibers to changes, the fiber 
stress must be one ot the terms expressing the moment of resistance 
ot the bar. The fiber stress is denoted by the symbol f. The second 
term of the moment of resistance of the bar takes Into consideration 
the strength the bar derives from Its dimensions. 

Bend the eraser in the direction ot its greater thickness. We note 
It takes a much greater force to bend it thus than to bend It as we 
did at flret, in the direction of its least thickness. If we repeat the 
eiperlments with the cuts while bending the eraser thus, we shall find 
that everything witnessed before holds good tor this case also. If we 
look tor a reason for the greater force required to bend the eraser in 
the direction of Its greater thickness, we shall find it In the tact 
previously observed, that the fibers are more stretched or compreased 
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the further they are from the center Hue xx, and thus they present 
greater reelatattce to bending. The line xx Ib called the neutral axtt, 
because on it the fibers are neutral, being neither stretched nor com- 
pressed, and the fibers at the outer portion of the bar are called the 
extreme fibers, because they are furthest removed from the neutral 
axis sex. 

The second term of the moment of reelbtance. taking account of the 
shape and size of the bar. Is called the section factor, eometlmee also 
called the section modulus, X, and is given tn all hand books In the 
shape of tables for different shapes of beams, In the style shown In 
Table 5. 

The neutral xx 1% not always Id the center of the bar, bnt It always 
passes through the center of gravity of the cross section of the bar. 
Oenter of Oravlty. 

Here we shall have to digress for a moment, since It Is the Inten- 
tlon to leave no term unexplained. The reader may best become 
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acquainted with the center of gravity In the following i 
out of stiff cardboard the shape of the crocs section of the bar, and 
balance It over a sharp edge, In a manner as shown In Fig. 7, Draw a 
line across the card corresponding to the edge over which It Is bal- 
anced. Repeat the experiment, turning the card around on the edge, 
and, balancing It a second time, draw another line. The Intersection of 
these two lines will be the center of gravity of the secUon of the 
beam. If the experiment has been done with sufildent care, the card 
may be balanced upon a sharp point placed at the intersection of the 
two lines. Just as if the entire material of the card were placed verti- 
cally above the point. A definition frequently met with is; The center 
of gravity la that point at which the entire wel^t of a body may be 
considered as concentrated. 

Another way of finding the center of gravity Is to suBpend the card 
by a fine thread alongalde of a plumb line, and when the card and 
line have come to rest, mark the position of the plumb lino on the 
card. Turn the card around, and suspend a second time from a 
different point, and mark the position of the plumb line again. Where 
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the two marks of tbe plumb line cross will be tbe center of gravttr of 
the figure. No matter from how many points the card may be sus- 
pended, the plumb line will always be found to pass through the center 
of gravity. A line In the center of the beam directly opposite the 
center of gravity thus found will be the neutral axis. 
BquatlOD for Bending Moment. 
If we now take the equation expressing the relation of the bending 
moment on the bar to the moment of resistance of the bar, and use 
the symbols for the two parts of the moment of resistance, we shall 

Some tables do not give the section factors Z for all sections directly, 

/ 
but say It Is ■— , and therefore we must understand this expression. 
V 

The denominator y of the traction Is the distance from the neutral 
axis DT X to the extreme fiber of the bar. see Fig. S, and the numerator 
I is what is called by engineers tbe moment of inertia of the section 
of the bar. Here again there Is a chance for contusion because of tbe 
use of the word Inertia. 

Moment ot Inertia. 

The term moment of inertia was originally employed when compar- 
ing the energies of rotating bodies. We know that a moving body 
posseeaes energy due to that property of matter which engineers call 
Inerla. Inertia Is not a. force; it la simply raelstance, and is due to 
the Incapability ot a dead body to move, or of a moving body to 
change its velocity or direction without the application of soine 
external force. Now the number of foot-pounds of energy posseesed 
by a moving body is equal to M: M y, where M Is the mass of the 
body, and y Its velocity in feet per second. A moving body then, 
must be acted upon by an external force before It can be brought to 
rest. A rotating body is simply a very large number of parttclea 
moving la circular paths about an axis called the axis ot rotation. 
Eiach moving particle, therefore, possesses energy due to Its inertia, 
and the energy of each particle Is equal to %iki>, where m is the 
mass ot the particle, and v Its velocity In teet per second. But the 
energy varies as m v', because simply dividing by 2 does not change 
the relative values. It is also obvious that the circumferential velocity 
of each particle varies as the distance from the axis of rotation, which 
distance or radius we call r. Hence, eubstltutlng r tor v, the energy 
ot each particle varies as m r*. Suppose we Imagine that the whole 
mass of the rotating piece, that is the sum of all tbe small particles m, 
is concentrated In a circle that is of such diameter that the energy 
possessed by the entire mass la the same as before. The radius of 
this Imaginary circle Is called tbe radius ot gyration, and Is usually 
designated by the letter r. Now we may say that M t*. where M stands 
for the whole mass, is a measure of the energy of the rotating piece. 
This expression 3f r* Is given the name moment of Inertia, each particle 
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ot which the rotatinfc body is composed poeseaBing a turning moment 
about tbe axis ot rotation, due to Its motion aod Inertia. 

When [t was discovered tbat the flexture of a beam depended upon 
the value af (wbere a le the area ot the croee eectlon oE tbe bar, and 
r' fB the mean of the squares of tbe distances ot the InBnite number 
ot small areas Into which tbe area of tbe section may be supposed to 
be divided, from the center of gravity of the section) a i" was seen 
to be similar to the expression Mr*, which, In connection with the 
rotating bodies, had already become known as the moment of Inertia; 
80, very carelessly on the part ot those who first committed the error, 
It was Bald that the flexure ot a beam varied as Its moment ot Inertia, 
not because Inertia has anything to do with it, for, of course. It has 
not, but because a r*, the expression for the moment ot resistance to 
flexure, happened to vary In the same way as the moment ot Inertia 
Jf r* of the same body when rotating about Its center of gravity. 

The moment of inertia of a bar may be calculated hy several 
methods, but the tables in hard-boohs give ft for all usual shapes of 
sections, and we will not attempt the calculation here. 

Universal Formula tor BandlUB' Strength of Beam. 

Since we are sometimes able to find in tablea only the moment ot 
Inertia of a bar, and not the section factor, we must bring our lormula 
one step further, thus: 

/ 
M=R=itZ = f— (6) 



Z = — = — (6) 

V t 
and here we have the toi-mula tor determining the size required tor 
any beam. 

For beams in which the center of gravity Is not the center of the 
beam, there will be two values of v, one of which we will denote as 
y,, being the distance from the neutral axis to the extreme fibers In 
compression, and the other as yx, being the distance from tbe neutral 
axis to the extreme fibers In tension, see Fig. 8. 

In some materials tbe ability of the fibers to resist tension is about 
equal to their ability to resist compression, while in other materials 
there may be great Inequality in this direction, some being much 
stronger in tension than In compression, while others are stronger In 
compression than in tenaion. In such a material we shall have two 
values of f, which we will denote as f^ and fi for compression and 
tension, respectively. 

Ultimate and Safe BtresseB. 

Some tables on the strength of materials give what Is called the 
ultimate or breaking strength of tbe materials, while other tables give 
the safe working strength of materials. 

When using the latter tables, tbe values given are to be substituted 
directly for ^ and fi In the formula. Since It would not do to have 
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the material of which a beam la made strained up t« the breaking 
point, we muBt, when using the former tables, make use of a factor 
of safety. This factor of Mfet? la a divisor by which the breaking 
strength of a beam is divided to allow a m&rgln of strength In the 
beam. The divisor varies from 2 to 10, and the proper use of different 
divlBorB is given in the text books. 
To illnetnite, the breaking strength of steel may be given as SO.OOO 
SO.OOO 

pounds per square inch, and =16.000. If we substitute 16,000 

& 
for / In the formula, we shall be worklog out our results with a factor 
of safety of 5, and the I>eam should not actually break until loaded 
with five times the load designed for. As a matter of fact, the beam 
would become badly bent long before five times the load could be 
placed upon It 

Umit of Blaatioity. 
We have seen that all material deflects under the influence of a load, 
and we suppose that the elasticity of the material causes it to spring 
back to Its original condition when the load Is removed. This is true 
within limits, but there is a point somewhere between the safe load 
and the breaking load at which, when the load is gradually Increased, 
the beam becomes strained beyond its power to return to Its original 
condition upon the load being removed. This point Is variously called 
the limit of etatticUv, the j/ield point, the point of permanent »et. 

Practical BxBjnplee, 

Let us now take up two examples Illustrating the ground we have 
Just passed over, and the use of the tables. 

Example 1. A rectangular steel bar, 2 Inches thick, is built Into a 
wall as In Fig. 9, and is to hold a load of 3,000 pounds at Its outer 
end, 36 inches from the wall. We wish to know the required depth 
to make the beam. 

lat, consider the bending moment on the beam. According to case 
1, Table 3, the bending moment Is 

af=Ti'i. 

For our case we know W and we know I, and Bubetltnting these for 
the letters in the formnla gives us 

Jf = 36 X 3,000 =r 108,000 Inch-pounds. 

2d, consider the permissible fiber atress in the steel bar. Table 4 

gives the safe working strength of steel as 16,000 pounds per square 

3d, using formula (6) we can find the value of the section factor 
for our beam. We know the bending moment and we know the fiber 
stress, so substituting these for the letters in the formula we get 
Jf 108,000 
/ 16,000 ~ 
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We know Z and we know h, so substituting tbeae values tor the let- 
ters, we get 

2 X A* 

6.75 = . 

6 
If we mnltlplr both aides of thie equation by S, we shall not change 
Ita value, but ahal] get 

6xe.7B = 2xft'. 




... 
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If we now divide both sides b; 2, we shall not change Its value, but 
eball get 

6 X 6.76 

=V = 20.26. 



5th, we can most conveniently find the square root of 20.26 from a 
table of squares and roots which may, be found In any hand book. 
This square root 1b 4,5, and we thus And that 

A = 4.6 Inches. 
If we make the beam 2 Inches thick by 4.5 inches deep by 36 inches 
long. It will support a load of 3,000 pounds at its free end, and the 
Sbers will be strained to 16,000 pounds per square inch. 

Example 2. Let us undertake to design a suspension beam like Fig. 
10 to carry ten tons, the material to be cast-iron. The proposed eectlon 
of the beam Is more complicated than that of the previous example, 
and we cannot obtain a result quite so directly. 

1st, Inspect the proposed beam to locate the compression and tension 
flanges. We find the compression flange is on top and the tension 
flange on the bottom, and we mark them c and t respectively. 

2d, Table 4 shows us that cast-iron Is stronger in compression than 
In tension, hence we conclude that we should have more metal on the 
tension side than on the compression side, and accordingly we place 
the section with the heavy side down. 

3d, assume a section by making the beet guess possible as to- the 
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dimeoElons showo heavy In the flgure. Cut out this section ot card- 
board, and And the location of the neutral axis xx as prevlouslr 
explained. Now fill In the figures shown light by meaaurlng the card- 
board section. 

4th, find the section In Table 5. Here we find that before we can get 
the section factor of the beam we must get the moment o( Inertia ot 
the beam. Substitute the dimensions of our section for the letters ot 
the formula given la Table G. and we shall get 

(0.76 X 8.8=) + (10 X 3,7') — (10 — 0.75) 3.2" 



511.1 + 606.E— (9.35 X 3.3") 
~ 3 

1017.6 — 303.12 714.48 

= = = 338 

3 3 

5th, now divide the moment of inertia just found br the distances 
of the extreme fibers from the neutral axis, that Is, b^ y, and yi, 
and we get 

I 388 

Z, = — — = 87, the section factor for the compression side. 

y. 8.8 
I 288 

Zi = — = = 64.8, the section factor for the tension side. 

y. 8.7 
6tti. Inspect Table 3 and find the bending moment on the beam accord- 
ing to case 2; substituting the dimensions of the beam, and the load 
to be curried, in the formula given, we have 
W I 20.000 X 72 

11 ■= = ^ 360,000 inch-pounds. 

4 4 

7th. dividing the bending moment Just found b; the section factors 
found In the 5th step, will give the fiber stress on the beam according 
to formula (6). thus 
360,000 

^13,333 pounds per square Inch on the compression side, 

27 
360.000 

^5,600 pounds per square inch on the tension side. 

64.3 
The latter Is too hf^h. so another foiess must be made, making the 
section heavier on the tension side. Then the steps 3, 4, 5 and 7 must 
be repeated, and If the fiber stress then comes below 3.000 pounds per 
square inch, the section will be right. 
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Q-RAPHIOAIi METHODS OF BOLVINO PROBLEMS. 

The reader of technical literature will often encounter problema 
solved by what are known as graphical methods. All arithmetical calcn* 
lattone may be repreeented b; drawings, and this 1b preciBely what 
the many charts in the technical papers are — drawings ol formulas. 

To draw a formula, we muat first be able to draw the (our arlth* 
metical processes, addition, subtraction, multiplication, and division. 
Addition and 8ut>tmotloii. 

Let It be required to add graphically -2 and 3, that is, to draw the 
formula x = 2 + i and find the value of * from the drawing. In Fig. 
11 draw the line ah two inches long, then commencing at i draw the 
line E>-c tbree Inches long, which shall be a continuation of line a-i. 
Line a-c now measures five Incbea, tberefore-ai^E, and a-c Is the draw- 
ing of tbe formula. 

It is evident that subtraction will be the reverse of addition. Let 




it be required to draw the formula x-=& — 2. Using the same figure 
aa above, draw line a-c five Inches long, and from one end, a. lay off 
a-b two inches long. Then b-c measures three Inches, and 2 = 3, and 
o-c Is the drawing o( the formula. The unit of measurement, here 
taken as the inch, may be any length convenient so long as all meas- 
urements are made to the same unit. The drawing of the addition 
and subtraction formula as given above appliea only to an Individual 
problem, and since the number of problems ie infinite, and even within 
the range of every-day practice Is very great, some form of drawing 
which may be used for a great number of problems. Is needed. In 
Fig. 12 draw two lln'es at right angles, and draw a diagonal line at 
45 degrees. Let the horizontal line represent one unit, from to 1. 
and let the vertical line also represent one unit, but let this unit be 
that from 1 to 2. Then the horizontal and vertical lines will be of 
the same length. Mark the horizontal scale to 1, tbe vertical scale 
1 to 2, and the diagonal line 1-.4. 
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If now we begin at 1 oa the horizontal scale, and travel vertically 
to the diagonal Une at A. we have gone one unit, and If from here 
we travel horizontally to the vertical scale, we will travel another 
unit, or two units altogether. Then the Uao l-A-2 repreaenta the 
drawing of the formula 

* = 1 + 1. 
bnt since the line has been bent from the form o( a straight line, we 
are no longer able to measure anything to obtain the answer. We do 
not need to do this, however, since we arrived at the figure 2, which Is 
the answer. The operation has been made plain by the full arrows 
marked +> The reverse operation, subtraction. Is shown with dotted 
arrows marked — , and the line 2-J.-1 is the drawing of the subtrac- 
tion formula. 

x = 3 — 1, 
and beginning at 2 we end at the end figure 1, which is the answer. 

More diagonal lines m^ be drawn from points representing more 
units In the vertical direction, and thus we arrive at an addition and 
subtraction diagram, which may be made to cover any desired range 
ot problems. Fig. 13 represents such a diagram. The full line and 
arrows represent the problem, 

4 + 3 = 7, 
and the dotted line and arrows represent the problem 
. 9 — 3 = 6. 
Multiplication and Dtrislon. 

A diagram similar to the above may be made for -multiplication and 
divlBlon, as shown In Fig. 14. Lay out the horizontal and vertical 
scales equal, each starting from the zero point (observe tbe difference 
between the two diagrams in this respect). Draw a 45-degree line 
from the zero point, and mark the line 1. If we start from either 
scale and travel to this diagonal line, and then to tbe other scale, we 
arrive at the same figure we started from, or In other words, we have 
either multiplied or divided our starting figure by 1. Start now at 1 
in the horizontal scale and travel vertically till oppOBlte 2 In tbe ver- 
tical scale, marking this point a. Start again at 2 and travel till 
opposite 4, and mark the point b. Start at 3 and travel to 6, at 4 and 
travel to S, and at li and travel to 10, marking the points c, d, and «. 
We find that the points a. b, c, d, e, and the zero point are all In line; 
also that In starting at 2 and going to 4, etc., we have multiplied each 
of our starting points by 2. Draw a line through these points and 
mark It 2. Since tbe points are all in line, it is unnecessary to locate 
more than one to locate the Uae. Start at 3 and travel till opposite 
9, and mark the point f. Connect f and 0, and mark the line 3, because 
3 X 3 = 9, and we have multiplied our starting figure by 3 to locate 
f opposite 9. In this way as many other lines may be located as 
desired. 

The full line marked X is the drawing of the multiplication formula, 
a: = 2^ X2=5. 
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s dotted line marked -i- Is the drawing of the dMslou formula, 



Produolnff Oharts BepreBenttng Complex Formulas. 
A. set of charts may be made for any formula, no matter how com- 
plicated, by making a chart for each step or arithmetical process In tlie 
formula. These separate charts may nsually be combined into one 
with advantage. Figs. 15, 16, 17 and 18 represent such a series of 
charts, and their final combination into one chart, for the formnla. 



The first chart, Pig. 15. solves the first step, the multiplication of 
A and B. Values of A are first laid off vertically on the right, and at 
the top and bottom horizontal scales are laid off. The B lines are 
then drawn in, as in the previous multiplication chart, by assuming 
various values of A and B, and locating their proper points in the 
chart, as A = 2 and B = 3, A X B = 6; through the intersection of 
lines from 2 and 8 drawn 0-3, which le the line for B = 3. Draw lines 
for other values of B in the same manner. We find It poesible to read 
the answer either at the top or bottom scale, and for the present we 
leave this question open. 

The neit step Is to divide the product of A and B by C. In Fig. 16 
lay off scale MN exactly like scale if Jf in Fig. IB. Lay oil the two 
vertical scales, starting with zero at the bottom, otherwise exactly 
lllie the vertical scale in Fig. 15. Assume values for AX B and for 
C, and lay off C lines as the B lines were laid off in Pig. 15. We find 
we can read the answer either on the right or left, and leave the 
decision till later. By multiplying A and B in the first chart, and 
dividing the product by C in the second chart, we have left only to 
add to the result, D, for the final step. 

In Fig. 17 lay off scale N exactly lllie y in Pig. 16, and lay oft 
scale PN exactly lllie scale JfW In Fig. IB, but banning with 1 at 
the right. Now draw an addition chart 1)7 assuming values for 
AX B -i-C, on scale O N, and values for D, and draw the D lines as 
descri1>ed tor the previous addltlMi diagram. By these diagrams we 
can solve the equation, 

AB 

x = + D, 

C 
if we have given values of A. B, C. and D. The process will be as 
follows: Find the value of A on scale A M, Fig. 15. and proceed hori- 
zontally to value of B, thence vertically, and read product of A x B; 
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find tblB product on scale if V in Ftg. 16, proceed vertical!; to value 
ol C, thence to the right and read value ot A X B -^ C; find tlilB value 
on scale ON, Fig. IT, and trace to lelt to value of D, thence dowD to 
value of 

AB 

\-D = x 

C 
and read the anavrer. 

OombinlDK the DeteJl Charts into a Qeneral Ohorl. 

It ia a great luconveDience to have to Jump from chart to chart, 
and It may be eaatlr avoided. If these charts were drawn on tracing 
paper, and placed one over the other, we should find that their lines 
are all clear and distinct, and do not Interfere with each other to the 
extent of losing their Identity, This point was kept In mind when 
drawing the small charts; for example, in Pig. 16 the scales could be 
arranged so that the C lines would radiate from comer E, but they 
would then become confused with the B lines of Pig. 15, when th« 
two are superposed; also in Fig. IT the D lines could Iw drawn In 
the upper half by rearranging the scales, but the; would Chen inter- 
fere with the B lines of Fig. 15 when superposed, while as drawn they 
appe&r in the opposite half of the chart from the B lines, and they cross 
the C lines at such a great angle as not to become confused with them. 

Fig. IS shows the three charts drawn superposed one on another, 
and by inspection we see that it is no longer necessary to read the 
value of each step in order to take the next step, but that we can 
proceed from line to line, reading the value of each letter In turn, till 
we read the value of z at the bottom. The question left open as to 
which scales to read the answers on in I^gs. 16 and 16 has solved 
itself In the superposed diagram. The full line with arrows shows the 
working out of the same problem as the lines in the separate diagrams, 
namely, the value of x in the formula 
AB 



when A ^2, B = 3, C = 4, and D = Z. 

Such problems as the following, and othera, may be solved on this 
chart, and the reader should practice till he can solve such problems 
easily and quickly. One of these Is shown In the diagram In dotted 

' 4xa 



It Is lo this manner that the charts we see in the technical Journals, 
giving the strength of gears, shafts, etc., are worked out. It often 
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happens that It Is necessary to vary the scales, also that In plotting 
out points, as o, 6, c, etc., In Fig. H, the resulting line Is a curve. 
Qraphical Statics. 

Such graphical proceases as we have Just been considering, and the 
laying out of charts, Is called graphical arithmetic. There is another 
branch of graphics, called graphical statics, so frequently used as to 
demand a knowledge of Its fundamental principles of any reader of 
technical publications. 

In Fig. 19 let .A be a small ball, and let £ he a force acting on the 
ball, and just sufficient to drive the hall to B. Also let f he a 





ng.ao. 

similar force Just suBSclent to drive the ball to C. It the force E acts 
alone, the ball will start and travel A-B and come to rest at B, while 
if the force F acts alone, the ball will travel A-C, and come to rest at O. 
Now, suppose that both forces act at the same Instant. We would 
expect the ball to partake ol motion resulting [rom each force, and to 
travel to the right at a distance A-C, and also to travel downward on 
the page a distance A-B, and this lands the ball at D. It cannot, how- 
ever, travel either the path A-C-D or A-B-D, because it partakes instantly 
of motion from each force, and It can only travel A-B or A-C under the 
InDuence of one force acting alone. We will also assume that the ball 
must travel In a straight line, because to cause It to travel in a 
curved line we should have to introduce a third force In the shape of 
guides or other device, and we are supposing the ball to be acted on 
only by the forces B and F. Therefore, since It must ti^vel along a 
straight line, must land at D, and cannot travel either along A-C or 
A-B, it muet travel along A-D. 

It is obvious that we could easily move the ball from A to i> by a 
single force acting in the direction of A-D. and Just Btrong enough to 
move the ball and bring it to rest at D. Such a force would be Uie 
force R. shown in dotted lines in Fig. 19. There are formulas involving 
the trigonometrical functions, by which, knowing the force and direction 
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of both E and F, we may find R, but It iB more simply done b7 the 
following method. 

Adopt some coDTenlent scale of force, as one lach equals ten pounda. 
Along A-C lar oft by this scale the force F; that 1b, If F la fifteen 
pounds, make A-G one and a half Inchea for the above scale. Lay olf 
on A-B.the force E In the same manner and to the same scale. Now 
complete the parallelogram by drawing B-D parallel to A-0, and C-D 
parallel to A-B. This Is called the parallel<%Tam of forces. If, now, 
we measure A-D by .the force scale adopted, we And R. Thus, If with ■ 
the above scale, A-D measures two inches, then force R Is twenty 
pounds. 

This force R ts called the resultant of forces E aud F, and the latter 
are called the components of R. By a little study of the figure It will 
be seen that the problem may be worked backwards, or that a given 
force R may be divided Into two other forces at will. This process we 
call the resolution of forces, and we say that any force may be resolved 
Into Its components. 

Throe Forces Acting on a Body. 
Now, It has been proved that the same thing Is true when the 
forces act at any angle, as In Fig. 20. Now, suppose the ball acted upon 
by three forces, E, F, and O, the latter being shown In dotted lines In' 
Fig. 20, and being such a force as acting alone would move the ball 
from A to B. Now, we know that E and F, acting together, move the 
ball to D, for we can locate D by drawing the parallelogram of forces, 
A-B-D-O, and A-D will be the resultant of E and F. Now, since any 
two forces may be replaced by tbelr resultant, we may consider that 
the ball Is acted on by only two forces, B and O. We may now draw 
another parallelogram of forces for O and R, being A-H-J-D, aud the 
final resting place of the ball acted upon by the tbree forces E, F, and 
O will be J; also, A-J will be the resultant of the tbree forces E, F, 
and Q. 

Polygon of Forces. 

The observant reader will notice that It Is not necessary to draw 
the entire parallelogram of forces in order to locate the ball, or the 
magnitude or direction ol the resultant. Thus, we could draw A-C 
parallel to F, C-D parallel and equal to E, and D-J parallel and equal 
to O, thus locating J. Then, drawing J-A, we would complete a polygon, 
A-C-D-J, called the polyeon of forces, and J-A ts called the closing line, 
because It completes or closes the polygon. 

Let us now suppose that, instead of being moved by the three forces, 
the ball remains at rest, but Is etlU acted upon by the tbree forces, 
B, F, and O. We then say that the bail Is In equilibrium, and this can 
only be true when some force acts counter or opposite to the resultant 
of the three forces. Such a counter force Is called a reaction, and Is 
represented by J-A. 

Let us now place upon each line, A-C, C-D, and D-J, an arrow cor* 
responding to the forces F, E, and O, respectively, and we see that the 
i:.,i .1 G00<^lc 
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arrows follow each other around tbe polygon; tlila must be bo, or the 
polygon le Incorrectly drawn. Following this rule, and placing an arrow 
on J-A, we Bee tbe direction of the reaction that would keep tbe ball In 
eaulllbrlnm. 

Since the three forces may be replaced by the resultant, A-J, and the 
reaction, J-A, keeps tbe ball at rest, we would expect: Ist, tbe line of 
tbe reaction to coincide wltb tbe line of the resultant; 2d, that the 
magnitude of the reaction and tbe resultant would be the same; 3d, 
that their directions would be opposite. This Is precisely what the 




diagram shows because. 1st, tbe cloBlng line of the polygon, JA, has 
fallen upon tbe line of tbe resultant, A-J, of the three forces E, F, and 
G; 2d, the points A and J mark tbe ends of both the lines of tbe 
roBultant and reaction; 3d, becauee tbe arrow placed upon tbe closing 
line, In conformity with the other arrows, points opposite to an arrow 
placed upon tbe line representing tbe direction of motion of the ball 
if no force prevents Its motion. 

Practical Application of Qrapbical Statics. 
Tbe use of these principles of graphical statics may be well illus- 
trated by tbe fallowing example. Fig. 21. This represents a pulley or 
sheave, over which Is passed a rope, on one end ol which Is a load, L, 
of 300 pounds. We know that, owing to the BtUFDess of the rope and 
the friction of tbe Bheave pin, we must pull with more than 300 pounds 
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on the other end of the rope <n order to lift the load. Suppose we 
lose 10 per cent of our pull. We must then pull on the rope with a 
force, P, of 330 pounds to ralee the load, L, at 300 pounds. Continue 
the lines of the rope to meet at D. Adopting a. scale of 1 Incti to 100 
pounds, lay off b-c three Inches long, representing the load of 300 
pounds, and b-a 3.3 inches long, representing the pull of 330 pounds. 
Draw od parallel to Iki, and a-d parallel to b-c. Draw b-d, the result- 
ant of P and L. 

There IB a third force acting on the sheave pin, naiUely, the weight 
of the sheave and rope, which we will call W. Iiet this weight be 100 
pounds. From o lay off o-e parallel and equal to h-d, and in a vertical 
direction measure from o one inch, representing 100 pounds by our 
scale, locating point f. From / draw a line parallel to o-e, and from 
e draw a line parallel to o-f, thus locating point g. Then o-g will be the 
resultant, R, of the load and pull on the rope and the weight of the 
sheave, and the reaction of the support must be in this direction. Thus 
we know on which side to cap the bracket, to make the base, etc. If 
we measure the line o-g- we find It is 5. S3 Inches long, and multiplying 
by 100, since one inch equals 100 pounds, we And the resultant force on 
the sheave pin Is 5S3 pounds. It we had not taken account of the 
stllfnese of the rope and friction of the pin, and had assumed the pull, P, 
equal to the load, L. which, of course, it ie not, the line b-d would have 
passed through the center, o. 
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PBINOIPLE OF MOMENTS AS APPLIED TO THE 



Th« lever Is tbe simplest element of a macblne, and the principles 
ot Its action are of a simple natnre. There la no reason whr anyone 
who chooses to devote a little time to study should not be able to 
master these principles, and having done this, he will have gone a 
long way toward mastering tbe princlides of all the elements that make 
up a machine. 

Webster defines a lever as "a bar of metal, wood or other substance, 
used to exert a pressure or to sustain a weight, at one point at ita 
lengtb, by receiving a force or power at a second, and turning at a third 
on a 0xed point called a. fulcrum. It le of three kinds, according as 
either the fulcrum F, tbe weight W. or tbe power P, respectively, la 
situated between tbe other two." This Is tbe usual definition of a 
lever as it Is found In most books upon mechanics and phystcs, and 
attention should be called to certain points about It that could easily 
lead a beginner astray and cause contusion at tbe outset. It is always 
best to Btart with a clear Idea of a subject, so that there will be no 
uncertainty to begin with. 

In Pig. 22 la a lever. In wblcb, according to the definition, W la & 
weight acting at one point, P- Is the power or force acting at another 
point to raise the weight W, as indicated by the arrow, and F Is the 
fulcrum on which the lever turns. That part of the lever between 
the weight and the fulcrum Is called the "weight arm," and that part 
between the fulcrum and the power is called the "power arm," It 
will be noted that the fulcrum In Fig. 23 Is located between the weight 
and power. In Figs. 23 and 24, however, are two levers In which the 
arrangement Is dllterent, the weight being placed between the power 
and fulcrum in Fig. 23, and the power placed between the weight and 
fulcrum in Fig, 24. These three figures illustrate tbe first, second, and 
third kinds of lever, as above defined. 

The objections to this definition of the lever are. In the first place, 
the use of the word "power" for tbe force applied at the end of the 
lever to raise the weight, "Power" has a totally different meaning 
from "force," and takes into account not only force, but time and 
distance. A force is merely a push or pull, such as is exercised by the 
hand, and this Is the kind of effort that is alwaya required to raise 
a weight or overcome any other resistance. In the reference letters 
of the illust rations, therefore, we will let P stand for a push or a pull, 
as the caae may be, Instead of for tbe word "power," Hereafter, also. 
Instead of calling the resistance to tie overcome tbe "weight," we will 
call it the "resistance" and represent It by tbe letter R. A lever may 
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bave to overcome a number of resiBtancea besides that of lalBlng a 
weight, such as the resietance of frictloD, of a cotled aprlng, or of the 
preMure of steam, and tbe term "reslfltance" Implies tbls better than 
the term "weight." 

nnally, regarding the three kinds of levers mentioned above, there 
Is no necesBlty for trying to separate leTers Into any number of claBses, 
or for trying to remember to which class they belong In the solution of 
examples. All leven depend upon the same principles, which are simple 
and easily understood, and all that Is necessary Is to first master these 
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{Minctples without ressrd to the relative position of the applied force, 
the resistance, or the fulcmm. 

The Moment of a Force. 
We have seen what Is meant by the term "force," and the next thing 
to learn la what the moment of a force 1b. When a force acta at a 
point on a lever, that Is, when that point Is given a push or a pull, the 
tendency Is to cause the lever to turn about Its fulcrum. This tendency 
depends first upon the strength of the force acting, and secoud upon 
the perpendicular distance from the line of actlcn of the force to the 
fulcrum. If either the strength of the push or pull exerted by the 
force, or the perpendicular distance of its line of action from the ful- 
crum, is changed, the tendency of the force to rotate the lever will be 
greater or less, as the case may be. The rotative effect of any force 
thus depends upon both the strength and the distance, and la measured 
by their product, this product being called the moment of the force. 
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The momeot of a force, therefore, la tbe measure of the turning 'effect 
of that force, and Is tound by multiplying the force by the perpendicular 
dlBtance, from Its line of action to the fulcrum. If tbe force be meas- 
ured in pounds and the distance In feet, the moment will be In foot- 
pounds; If the force bo In pounds and the distance In Inches, tbe 
moment will be Inch-pounda; if the force be In tons and the distance 
in feet, the moment will be In foot-tons, etc. The foot-pounds measure- 
munt ta the most commonly used, however. 

This subject of tnomenta is Important^ln fact, the moat Important 
in the-wbole subject of lexers — and In order to Sic It firmly In tba mind, 
it will be helpful to have some common fact or operation that will 
illustrate It, and that can be referred to In solving complicated exam- 
plea in which the application of the principle may not be entirely 
clear. 

There is one kind of lever that Is very familiar to every mechanic, 
and that ia the wrench. We will select the wrench, therefore, to fllaa- 




trate the subject of moments, and having once grasped the principle as 
applied to the wrench, no mechanic will be likely to have trouble with 
Its other applications. 

Fig. 25 represents a box wrench, and, as is often done In work of a 
heavy character, a hole is punched In the outer end of the handle, into 
which a chain or rope can be booked or fastened to assist in screwing 
the bolt or nut "home." Suppose the wrench 1h being uaed to screw up 
a nut, as shown In Fig. 25, and that the pull P on the rope Is In the 
direction shown by the arrow, or In tbe direction of the line m n. The 
tendency of this pull to turn the wrench and nut will then be meas- 
ured by the pull P In pounds, multiplied by the distanoe I, in feet 
measured from tbe fulcrum at tbe center of the bolt, to tbe line 
m n, the distance being taken In the direction of a line at right angles 
or perpendicular to tbe line mn. This product gives tbe effect of tbe 
pull P in foot-pounds, and 1b called the moment of this force. Tbue, 
If the pull P 1b 300 pounds, and the lenRth /, Is 4 feet, the moment of 
the force P Is 300 X 4 = l,2fio foot-pounds, aucl tblB la the measure of 
the turning effect of this force. 

The reason why this Is so will be evident If we consider another 
case shown in Fig. 36. Here tbe wrench has been placed In a new 
position, ready tor another turn, and the pull P acts In tbe same direc- 
tion as before, along the line mn. Now, anybody who baa uaed a 
wrench knows that with the same pull a greater effect will be pro- 
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duced with the wrench aB placed In Fig. 25 than as placed In Fig. 26, 
altfaoneh In each case tbe hook Is at the same distance (4 feet) from the 
fulcrum F. The direct distance, however, of the point of application 
of the force from the fulcrum does not neceesarllT have any influence 
on the effectiveness of this force In moving the lever. The only dis- 
tance that can l>e considered Is the perpendicular distance from the 
line alohs which the force acts to the lulcmm, and this distance is 
greater In Fig. 25 than In Fig. 26. and In the former the force of 
300 pounds has a greater leverage than in the latter. In Fig. 2S the 
measure of the rotative effect is the pull P, which is 300 pounds, times 
the distance L, which In tbla case measures 2 feet, or 300 X 2 = 600 
toot-pounds. The distance L, as before. Is measured at right angles to 




the line m'n. and it the rope had extended along the line cd, instead 
of the line mn, h would liave been measured at right angles to the 
line c d, as indicated by the line Z>,. 

The True I.«ver Arm. 
The distance L In Figs. 25 and 26 is called the lever atm. Ordinarily 
the arm of a lever Is understood to mean that part of the lever that 
11^ between the (ulcrum and the point where the force Is applied, or 
between the fulcrum and the point where the resistance takes place; 
and such it Is In a strict sense If the lever arm ts straight and the 
force acts at right angles to the lever. But In Fig, 26 the true length 
of the lever arm is the distance L, and not the length of the handle of 
the wrench, because L Is the effective length acting. In the position 
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sbown. The true lever arm, therefore, it the perpendicular dittance 

from the line of action of the force to the fulcrum. 

A fatnlUar example of tbe moment ot a force 1b to be had in the 
action ot the toot in pedaling a bicycle. When the crank has passed 
the upper center, and the toot Is ready tor the downward push. It will 
require a much greater etfort to drive the wheel ahead than when tbo 
crank le at right angles to the direction ot the motion ot the toot. 
Tbe crank, ot course, le of the same length whatever Its position; but 
considered as a lever, the lengtti ot ite arm varies from nothing at the 
upper center, to the full length ot tbe crank at the extreme torward 
movement of the toot. The moment ot the force exerted hj tbe foot, 
therefore, gradually increases from nothing at the upper part of tbe 
stroke to the greatest amount at the forward position. 




Still another illuetratlon la to be had in the curved crank sbown In 
Fig. 27. The crank turns about tbe point F, and a rod Is attached at 
the outer end which puehea in the direction shown by line m n. Draw- 
ing this dotted line m n through tbe point at which tbe push la applied 
and In the direction In which the push la exerted, we have L, which la 
di-awn at right angles to mn, as the length of the lever arm, and the 
moment of the force is the length L multiplied by tbe force P. 

The Frinolple of Moment. 
Thus far the lUustratlona that have been used have pertained to 
what might be called single-armed levers. We have considered only tbe 
forces acting without regard to the reaUtance that had to be over- 
come, and the levera themselves have been more of the nature of a 
crank than of a lever, though It la not always easy to make a distinc- 
tion between the two. It is evident, however, that wherever a force Is 
exerted, there must also be a realstance, as otherwiae no Initial force 
would be required to create motion. Id the caae of tbe wrench, the 
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reslBtance was the friction between the threads of the bolt and nut 
acting at the end of a lever arm equal to the radius of the bolt; and 
In the caae of the hlcycle crank, the reslBtance was at the rim of the 
bicycle wheel, the lever arm In this case hetng more complicated becausa 
of the sprockets and chftln. 

In Fig. 2B iB shown a bell-crank lever pivoted at the fulcrum F. 
A pull P is exerted alone the rod at thft left, and this la balanced by 
another poll along the rod at the right, which acts as a resistance to 
tlie force P. To determine the relative rotative effects of the pull J* 
and the resistance R, we must determine the moments of these two 
forces. To find the moment of P, draw a line m n through the point 
of the lever at which P takes effect, and In the direction of tb« line In 
which it acts. Then draw the line L trota tbe fulcrum F and at right 
ansles to the line mn. This will be the true lever arm, and the 




t of P will be the product of P and the length L. To find the 
moment of A, draw the line cd through the point of application of R 
and In tbe direction of R. Then draw tbe line 2> of a length equal' to 
the perpendicular distance from F to line ci. This will be the true 
lever arm for R, and the moment of R will be the product of R and 
tbe distance D. 

Since tbe moment of P measures tbe rotative effect of this force and 
the moment of R measures the rotative effect of the resistance, It Is 
clear that If the lever Is to balance, theee two moments must be equal. 
If L is longer than B, aa It Is in this caae, then it must be enough 
greater than P to make up for thlB, or otherwise the lever would begin 
to turn about F. This, in substance, is all there Is to the principle of 
moments. The principle states that, if a body is to be In equtlthrium, 
the sum of the moments of the forces which tend to turn it in one 
direction about a point Is equal to the sum of the moments that tend 
to turn tt in the apposite direction about tbe same point. In other 
words. If a body is to balance about a point, the opposing momenta 
muBt be equal. 
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Calculation of Simple Levers. 

We will now be ready to Bolve 'examples of the lever by the aid. 
of the principle of momente, and we will first consider that the weight 
of the lever may be ne^lectEd, and that there are only two forces act- 
ing — the push or pull — which is applied to the lever, and the resistance 
overcome, these being balanced, of course, hy the pressure at the 
fulcrum, which, in reality. Is another force, but which need not be 
considered for the present, at least 

In Fig. 29 is shown a lever supported on the fulcrum F. At one end 
a push, P, of 10 pounds, Is exerted, and at the other end is a resistance 
R, In the shape of a lOO-pound weight. The distance from F to P Is 
40 inches, and from F to A, 4 Inches. The principle of moments states 
that when a lever la in balance, the moment of the force tending to 
turn ft in one direction must equal the moment of the force tending 
to turn It In the opposite direction. In Fig. 39 the moment of force P 
about fulcrum F. tending to depress the left-hand end of the lever, la 



10 X 40 = 400 Inch-pounds, and the moment of force B le 100 X 4 = 400 
Inch-pounds also, so that the lever Is in balance. 

Now, suppose that we had P. R, and the distance from F to K given 
in Fig. 29, and that we wanted to find the distance from F to P, which 
we will call te. By the principle of moments we have. 

Moment of P=;10 X x. 

Moment of B = 100 X 4 = 400. 

But theee moments are equal: hence, 10Xz = 400, and what wo 
have to do is to find the value of x. It is clear that, It ten tlntes the 
distance a; = 400, the distance x must be 1/10 of 400, and all we have 
to do Is to divide 400 by 10, giving 40 Inches as the distance x. 

Again, suppose It were desired to find the resistance R, the other 
quantities being known. For convenience we will fake the moment of 
R first, because this contains an undetermined value. This is always 
a good rule to follow. 

Moment of «^4 X R. (It makes no dilterence whether the 4 or 
the R Is written first, but it Ib better to write the figure first.) 

Moment of P = 10X 40 = 400, 
400 

Then 4 X R = 400 and R = = 100 pounds. 
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These simple examples contain all tEiat need be known to solve lever 
problems where tbere are only two forces acting; but to make tbe 
subject still clearer, a more general ezamiile will be taken. 

In Fig. 30 the lever shown Is pivoted at F, which serves as the ful> 
crum. A push P la exerted by the rod at the right, which receives its 
motion from the cam and roller, as Indicated. This posh acta to over- 
come a resistance R, which acts along the rod leen at tbe left, and 
which may be supposed to consist of tbe resistance of the spring coiled 
around the rod. and of any piece of mechanism that this rod may have 
to operate. Let it be required to find how great a pnsb, P, la necessary 
to overcome a resistance, R, of 2S0 pounds. The first thing is to find 
the length of the true lever arms, since without these the moments 
cannot be determined. To do this, first draw lines through the points 
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on tbe lever at which the forces act. and In the direction In which 
they act. Thus, the force P acts at the point C, and the line D H Indi- 
cates the position and direction- of this force. Likewise the force R 
acts at point B. and line A B Indicates the position and direction of 
force R. 

■ Now, the lever arm of force P is the perpendicular distance from F 
to line DH, and the levet arm of force R Is the perpendicular distance 
from F to line A B. Assume that these distances measure S and 16 
Inches, respectively. Then, 

Moment of P = 8 XP. 

Moment of ft = 850 X 16*= 4,000. 

4000 

8XP = 4,000; and P = ^SOOpoui^ds. 

8 

ExoM.ple. — fiappose P^400, R^IGO, and the abort arm ^6 inchea. 
What Is the length of the long arm? Answer — 16 incbea. 
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The safety valve tn Fig. 31 1b «n example of a lever In wblch tbere 
are three forces to be considered, if we take into account the weight 
of the lever, whicb is quite essential to do. The valve at F Is acted 
npon br the pressure of the steam, tending to ralae It This pressure 
constitutes the push P upon the lever, which U resisted by the suspend- 
ed weight R, and the weight of the lever, which we will call R,. The 
weight of the lever la effective at the point G, the center of gravity of 
the lever. This point can be found by balancing the lever on a knife 
edge, the center of gravity being directly over the knife edge. The 
fulcrum of the lever Is at F, and the lever armB tor R, A, and P are 
marked A, B, and C, respectively. 

Example 1. — ^Aasame that A = 30 Inches, B = 14 inches, C^3 Inches, 




A = 20 pounds, and A, = S pounds. Find what pressure of steam the 
valve will carry. 

Moment of P=3 XP, 

Moment of Je = ZO X 30 = 600, 

Moment of B,= 8 X 14 = 112. 

For the valve to balance, the moment of P must be equal to the sum- 
of the moments of R and if,, for the moment of P tends to raise the 
lever, and the other moments tend to bold It down. Adding the mo- 
ments of B and R„ therefore, we have 600 + 112 = 712, and this mnst 

712 

balance the moment of P or 3 X P. Hence, 3 XP:=712, and P:= 

8 
= 237 1/3 pounds. This last part of the operation is like the work of 
the previous examples. The 237 1/3 pounds is the total preesiire upon 
tbe valve, and to obtain the pressure per square inch that can be 
carried, we have have simply to divide 237 1/3 by the area of the valve. 
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To be theoretically exact, tbe weight of the Talve and stem should be 
added to the figure 237 1/3. 

Exa/m/p\e 2. — Sitppose It were desired to carry a total presaure upon 
the valve ot 300 pounds. With the other dlmenBlons remaining as 
before, how heavy a weight R would have to be provided? Again, tak- 
ing moments, we have, 

Moment of H = 30 X K, 
Moment of K, = 8 X 14 = 112, 
Moment of P = 300 X 3 = 900. 

The sum of tbe flmt two moments must equal the last one, but we 
cannot add them as they sta^id, because we do not yet know what the 
first one Is. Hence we will Indicate the addition ae follows: 
30X« + 112=900. 

Those who have bad a little practice with formulas will have no 

trouble with flndlng the value of R; but for the benefit of those who 

have not, it can be said that we subtract tbe 112 from 900 and 

proceed as in the other examples. Thus, 900 — 112 = 788,' whence 

788 

R=: =26 4/15 pounds. 

,30 

The following explanation will make the reason tor subtracting 112 
from 900 clear. We have found that the moment of B la 788; of R,, 112; 
and of P. 900. Now, if 788 added to 112 equals 900, 900 must be 112 
greater than 788, and 788 must be equal to 900 with 112 subtracted 
from it. Again, taking the formula as we have It, if 30 X iJ plus 112 
equals 900, 30 X B must equal 900 with 112 subtracted from It. 
Calculation of Compound Levere. 

It often happens that It Is necessary to use two or more levers con- 
nected one to tbe other in a series, where It would not be convenient 
to obtain tbe desired multiplication with a single lever, or where it U 
necessary to distribute the forces acting. In such cases tbe levers are 
called compound levers, and their application is found in testing 
machines, car brakes, printing presses, and many other machines and 
devices. Probably the most familiar example la that ot a pair ot 
scales, and we will take this to Illustrate the method of making the 
calculations for compound levers. 

In Fig. 32 is a diagram showing an arrangement of levers that might 
be used for platform scales. The fulcrum of the various levers are In 
each case marked F. The scale platform is at E, bearing at each end on 
levers C and D, and loaded at the center with 1,000 pounds, A pressure 
of 500 pounds, therefore, Is transmitted to lever at a point 6 inches 
from the fulcrum, and 600 to lever D. Ae lever D Is proportioned 
exactly the same as that part of lever C to the left of the center ILoe 
of tbe weight — that Is, as tbe distance from f to L in each case is 
exactly 4 feet, and tbe short arme are each 6 Inches long — It follows 
that the final effect Is the same as though the whole 1,000 pounds acted' 
at a point 6 Inches from the fulcrum F of the lever O. 

I ,1 I Goot^lc 



38 VSE OF FORMULAS IN MECHAXJCS 

Continuing through the various connections, the right-hand end of C 
pulls down on the lerer B at a point 8 Inches from Its fulcrum, and 
this In turn pulla down on the scale beam J at a point 4 Inches to the 
left of Its fulcrum, and lifts the weight R. Qtiestion: What velght at 
R is required to balance the 1,000 pounds on the plattonn, assuming 
that the system of levers is In halance so that there Is no unbalanced 
weight to be considered? This Is always provided tor hy a counter- 
)H>lse on the scale heam. 

The beat way to solve any example of compound levers is to first 
determine the number of multiplications of each lever. Iiever A has 
arms 40 and 4 Inches long, and multl|>lles 10 times; lever B multiplies 
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4 times; and lever 0, 25 timea. Each lever multiplies In the same 
direction; that Is, It tends to increase the force acting when we start 
at point R. Hence, the total multiplication Is 10 >: 4 x 25 = 1,000. aAd 
thus one pound at R would balance the 1,000 pounds on the plat- 
It may be asked whether with this arrangement the weighing of the 
scale would not be altered should the weight be moved to the dotted 
position showQ in Fig. 32. A little thought will show that it would 
not. We have seen that the reduction from both points a and b to 
point d is 25 to 1, and It can make no difference whether 500 pounds 
acts at both a and b. or whether, for example, 300 pounds acts at 
a and 700 at b. the total 1,000 pounds being reduced 25 to 1 in either 
case. 
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THE CENTER OF GRAVITY. 

The force of graTity is exerted upon every one of tbe iiartlclea 
composing a. body. Tbe Dumber of gravity forces actlog upon a body 
may therefore be considered equal to tbe number of particles com- 
posing it. The Bum or resultant of these individual forces constitutes 
the aggregate gravity of tbe body; and that point la the body at 
which may be applied a single resultant force that will have an effect 
the same as that of all the gravity forces acting upon its separate 
particles. Is the center of gravity of the body. The center of gravity 
of a body will, therefore, be given by the poaitlr/Q of the-resultant of 
ull the gravity forces acting upon its particles. If a body la sup- 
ported upon its center of gravity, it will be la equilibrium In any 
position, and will have no tendency to rotate. This Is, In substance, 
a definition that is sometimes given for the center of gravity. 

E!ach one of the gravity forces acting upon the particles of a body, 
except those forces whose lines of action pass through its center oT 
gravity. Is producing a moment, and has a rotative effect. The lever 
arm ot each moment Is the perpendicular distance between the line of 
action ot the force and the center of gravity of tbe body. Every such 
moment tends to produce rotation In the body, and as rotation Is not 
produced when the body is supported upon Its center of gravity. It 
follows that the center of gravity of a body is that point at which 
the moments of all the gravity forcea acting upon Its particles balance 
each other, or, In other words, at which the resultant moment of all 
the gravity forces is zero. This fact may be made use of in deter- 
' mining the position of tho center of gravity. Different methods are 
employed for finding the center of gravity, according to the form of 
the body, or the arrangement of the system of bodies, for which It Is 
to be found. Some of these methods will now be explained. 
Center of Gravity of Linee. 

The word line, as here used, means a material line; that la, a homo- 
geneous body of given length, having a unitorm and very small 
transverse section, such as a fine wire. A theoretical line would, of 
course, have no width or thiclcneas, and consequently, no masB and no 
gravity. 

SlDKle, Stralg'ht Line. 

The center of gravity of a straight line Is at lis middle point. If 
we conceive the line to be composed ot uniform Individual particles, 
tbe gravity ot each particle will be the same; and the distance of 
each particle en one side of the middle point, from that point, will be 
the same as that of the correepondlng particle on the opposite side. 
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Hence, tbe moments of all the gravity forces acting upon the parti- 
cles, taken about the mld<lle point of the line, will balance, and ttiat 
t>olDt will, therefore, be the center of gravit; at the line. A straight 
line will balance upon its middle point: If euppcrted upon that point, 
it will be in equilibrium in any position, and will have no tendency 
to rotate. 

Two StFalght Iilnee of DilTsrent Iiengtb. 
Let AB and CD, Fig. 33, be two straight lines of any lengths and 
having any positions with respect to each other. The center of gravity 
of each line is &t its middle point, as and O,. If these two centers 
of gravity be connected by the straight line O, the center at gravity 
of tbe system will be somewhere on this line. Draw the line B, 
equal and parallel to OiB = ^ AB; on the opposite side of 0^ lay 
off on the line B A, a length 0, C, equal to OG^%CD, and draw 
B,C,. The point g. where the lines 0, and B,(7, intersect, will be 
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the center of gravity of lines AB and OD. If the given lines are 
parallel, B, is simply laid off on i> prolonged. The distance 0, g 
may also be calculated; It Is given by the equation: 
ODxaOt 

0,0 = 

AB-^OD 

Perimeter of the Triangle. 

Let ABO, Pig. 34, be any plane triangle. In which D, E and P are 
the centers of gravity of the three respective sides. Join any two of 
these centers, as D and E. and on this line determine, by the method 
Just explained, the center of gravity c of the two sides Joined. To do 
this. Join E and F; the line EF will be equal and parallel to CD; 
then lay off D E^ equal to C E; the intersection c of the lines DE 
and E, F will be the center of gravity of the sides B C and C A. Now 
lay off FB, = ^AE+ YiBD and draw B B,; the Intersection g of 
the lines £B, and cF will be the center of gravity of the three sides, 
or perimeter, of the triangle. 

ClroulM- Arc. 

Let ABC, Fig. 35, be the arc of a circle whose center Is at 0; AC 
is the chord and B is the middle point of the arc. The center of 
gravity of the arc will be at some point g on the radius OB, at such 
distance from O that 
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0»Dter of OrHTlty of Plans Surfaces. 

A theoretical eurrace bee no tlttckness, and, thererore. no mass aod 
DO graTlty. In mechanical problems, however, It la often necessary to 
find the center ol gravity of b plane flgure. or, more correctly, that 
point tn Its snrface corresponding to what would be the center of 
gravity of the figure, were It a material body ot uniform thickness. 
As here used, therefore, the word surface may be taken to mean a 
material surface, such as a very thin, homogeneous plate of a piece 
Of cardboard, 

Axle of Syminetiy. 

If a plane flgure can be divided by a straight line In such manner 
that the two parts of the flgure will exactly coincide when folded 
together along the line, the line bo dividing the flgure Is called an 




axis of symmetry. The diameter of a circle and the diagonal of a 
square are axes of symmetry for those figures. 

The center of gravity of a plane flgure having an axis of symmetry, 
must lie on such axis; If the flgure has more than one ajis of sym- 
metry, the center of gravity must be at the Intersection of the axes. 
Let A B, Fig. 36, be a diameter of a circle whose center is at O; It Is 
also an axU of symmetry, for, if folded along this diameter, the two 
parts ot the circle will exactly coincide. It, now, we consider the area 
of the circle to be comiiosed of straight lines perpendicular to A B, 
which are not shown In the flgnre, the diameter A B will bisect each 
line; In other words, it will pass through the center of gravity ot each 
line composing the area ot the circle. Hence, the center of gravity of 
the entire system ot lines composing the area of the circle, which will 
be the center of gravity of the circle Itself, must be some point on the 
diameter A B. In like manner It can be shown that the center ot grav- 
ity of the circle must lie on any other diameter, as the diameter CD. 
Consequently, the center of gravity ot the circle most be at the 
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center 0, the only point common to all diameters. That the center ot 
gravity ot the circle is at the geometrical center of the figure 1b so 
evident as to scarcely require proof; but the circle serves as a very 
simple example to illustrate the process of reasoning, which applies 
to any plane figure having two axes of symmetry, such as a circle, 
ellipse, rectangle, rhombus, equilateral triangle, square, or any regular 
polygon, and also to tbe perimetera of such figures. 

Center of Oravlty of Parte of Circles. 

Semicircle. The center ot gravity Is located on its axis ot symmetry, 
at a distance ot 0.4244r from the center ot the circle, r being the radius 
of the circle, 

Eector of a Circle. The center of gravity Is located on its axis ot 
symmetry, at a distance x from the center of the circle, tbe value of 
X being given by the equation: 
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In which c is the chord and r tbe radius of the circle, and I the length 
of the arc 

Quadrant of a Circle. Tbe center ot gravity Is located on its axis ot 
symmetry, at a distance of 0.4244r from each radial side, or 0.80a2r 
from the center ot the circle, r being the radius ot the* circle. 

Segment of a Circle. The center ot gravity la located on Its axis ot 
symmetry, at a distance x from the center of the circle, the value of 
X being given by the equation: 



in which c is the chord and a the area of the segment. 
Other SurtkMeB with Onrved Outlines. 

Parabolic Surface. The center of gravity Is located on Its axis ot 
symmetry, at 2/5 the length of the axis from the base. 

Semi-ParaboHc Surface. The center of gravity Is located at 2/5 ot 
the length ot the axis of tbe parabola from the base, and 3/S the length 
of the semi-base from the axis. 

Surface of a Hemisphere. The center ot gravity Is located at the 
middle of Its axle or center radius. 

Gravity Axis. 

It la not necessary, however, tor a plane figure to have two, or even 
one, axis of symmetry. In order that its center of gravity may be deter- 
mined. Any plane figure can be balanced upon a knife e^e. The 
position of the knife edge will be defined by B straight line tn anch 
position that tbe moments of all the gravity forces acting upon the 
particles composing the surface on one side of the line will Just balance 
the moments of those on tbe other side. This line, about which the 
moments of'lhe gravity forces balance, will here be called a gravity 
axis. By a process of reasoning analogous to that employed in finding 
the center ot gravity of the circle. It can be shown that every gravity 
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bxIb of a plane Sgure contains the center of gravltf of the figure. 
Conseqnently, the Intersection of anr two gravity aila determines the 
position of its center of gravity. It should be noticed that In many 
practical problems It Is necessary to find the position of a gravity axis 
only, the exact center of gravity not being required. 
Triangle. 
Let ABO, Fig. 37, be any triangle; the line CD extends from the 
vertex (7 to tbe middle of the opposite side. If we consider the area 
of the triangle to be composed of straight lines parallel to the base A B, 
each of these parallel lines will be bisected by the line CD; that is, 
the line CD will pass through the center of gravity of each of the 
parallel lines. Every line composing the area of the triangle, and, 
consequently, the triangle as a whole, will just balance upon the line 




CD, which win be a gravity axis of the triangle. If, also, a line be 
drawn from any other vertex of the triangle to the middle of the 
.opposite Bide, as the line AE, ft will also be a gravity aits. As the 
center of gravity must lie on both these gravity axes, It must be at 
their intersection g. It Is not necessary, however, to draw more than 
one gravity axis. In order to determine the position of the center of 
gravity of a triangle. If a line be drawn from any vertex to the 
middle of the opposite side, the center of gravity of the triangle will 
be on this line and at two-thirds the length of the line from the vertex. 
Thus, the center of gravity g. Fig. 37, Is at two-thirds the length of 
A E from A, two-thirds the length of B P from B. and two-tbirds the 
length of CD from C; its position may be located on any one of the 
lines. 

Tr»pesium. 

There are several quite satisfactory methods for finding the center 

of gravity of a trapezium. Tbe following simple method is probably 

as expeditious as any, and. as It depends upon the method lust explained 

tor finding the renter of gravity of a triangle, and Is readily eon- 
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nected vltb tbat method, it has the advantage ot being easily remem- 
bered. 

Let A.BCD, Fig. 38, be any four-sided plane figure. Consider It 
first to be divided Into tbe two triangles ABC and ADO. The points 
E, F, 0, and H are the centers of the respective eldes, the common side 
A C not being drawn. The Intersection c of the lines A F and C£ is 
the center of gravity of the triangle ABC, and, similarly, the inter- 
section c, of the lines A O and C H le the center of gravity of the 
triangle ADC. The line c c, connecting these two centers ot gravity, 
will be a gravity axis of the entire figure. The trapezium la then 
considered to be divided Into the triangles BAD and BOD, and, by a 
similar construction, the position of the gravity asU ifd" le determined. 
The Intersection g of these two gravity axes will l>e the center of 
gravity of the trapezium. 




For this construction, it is not necessary to draw the entire iwrtloa 
of each constructional line, as shown In the figure, but only such 
portions of the lines as are necessary to locate their Intersections. 
Some may prefer the constructioQ shown In Fig. 39; It Is the same as 
that shown in Fig. 38, except that only one gravity axis is drawn for 
each triangle, and the center of gravity of the triangle located at two- 
thirds the length of the axis from its vertex. 
Trapezoid, 

If the figure is a trapezoid, the fallowing construction, taken from 
'"Trautwine'a Engineer's Pocket Book," is a very simple method of 
finding ItB center of gravity. Let A B C D. Fig, 40, be any trapezoid 
for which the center ol gravity is to be found. Prolong the two parallel 
sidea in opposite directions, making each prolongation equal to the 
other side, and Join the extremities of the prolongations by a straight 
line: aiso Join the centers of the parallel sides. The Intersections of 
these lines will be the center of gravity of the figure. Thus, in the 
figure. A A, Ih made equal to DC. and C C, equal lo A B, and the 
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exteremltlee of the prolongations joined by the line A,C„ while the 
line 0, Joins the centers ot the parallel sides; the Intereectfon g of 
the lines Afi, and 0, is the center of gravity of the trapezoid. 
IrreffiHar Figure. 

The center of gravity of any Irregular flgure bounded by straight 
lines may be found by dividing It Into trtanglee, finding the center of 
gravity of each triangle, and then Sndlng the center of gravity of the 
system of triangles, the area of each being considered to be concen- 




trated at Its center o( gravity. For finding the center of gravity of 
the system of triangles, the method of rectangular coK>rdlnates may 
be emplorfld. Let ABCDE F. Fig. 41, be any Irregular figure bounded 
by straight lines. By the lines AC, AD, and AE the figure can be 
divided Into the four triangles ABC, ACD, ADE, and AEF, whose 
centers of gravity. g„ o„ g„ and g, may be found by the method ex- 
plained for triangles. Draw the vertical and horizontal axes OY and 
OX, Intersecting at O; these may be any vertical and horizontal lines, 
but it la generally convenient to draw them through the left-hand 
and lower extremities of the figure, a« shown; OX Is the axis of 
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abeclBsas and y Is the axis of ordlnates. The Uaes x^ x^ x^ and f, 
are, respectively, tbe abscissas of the centers of gravity from the asia of 
ordlnates; and the lines 3/,, y,. j/,, and y, are, respectively, the ordlnatOB 
of tbe same points, or their perpendicular distances from the axis at 
abscissas. If a,, a,, a,, and a, represent tbe areas of the four respective 
triangles, then tbe abscissa x to tbe center of gravity a of the entire 
figure will be given by the equation: 

O, + 0, + fl, + ffl« 

and the ordinate y to the same point will be given by the equation: 

v = . 

o, + a, + a, + o. 

This method applies to any figure or system of flgures, either separate 
or joined, that can be divided Into triangles or other simple flgures 
such that their centers of gravity and areas can be determined. It Will 
also apply to a system of weights or solid bodies. 

The gravity axes, and, consequently, the center of gravity, of a very 
irregular figure can be determined by tbe equilibrium polygon, as con- 
structed for determining the position of the resultant ot any system of 
forces. Let MN, Fig. 42, be any plane figure whose center of gravity 
Is to be determined; the following construction may be employed: 

By means of parallel lines, divide the Sgure Into a sufficient number 
of parts of equal width, so that each part will be approximately a trape- 
zoid, as shown by full lines In the figure; also draw lines midway 
between these dividing lines and parallel to them, as shown in the 
figure by dotted lines; as tbe trapezoids are of equal width, these 
dotted lines will be proportional to tbelr areas. On a vertical line, 
as the line 0-6 (commonly called the load line), lay oO in order down- 
wards the amounts 0-1, 1-2, etc., by any scale, equal, respectively, to 
these latter lines, that Is, proportional to the areas of the respective 
trapezoids. Choose any point P as a pole and draw the radial lines 
P-0, and P-1, etc. Find the centers of gravity, o, 6, c, etc., of the 
respective trapezoids, and from these centers draw lines vertically 
downward, as the lines a a', bb', etc. Through any point on the line 
drawn downward from a, as the point a', draw the fine aVi of indefinite 
length and parallel to P-0; from tbe same point also draw the line 
a'Ei', parallel to P-1, to intersect the vertical through b; from this inter- 
section draw tbe line V (f, parallel to P-2, to intersect the vertical 
through c, etc. The line e' f drawn parallel to P-5. intersects the last 
vertical at f; trom this intersection draw the line fo', parallel to P-6, 
to Intersect a'g'; the vertical line (Ffr' drawn through the Intersection 
g", will be a gravity axis of the figure. In a similar manner tbe figure 
may be divided Into another set of trapezoids of uniform width, by 
parallel lines extending In a different direction, and the position of 
another gravity axis determined; the Intersection of the two gravity 
axes will be the center of gravity of the figure. 

The moiliod of construction just described is generally the most 
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expeditious, but It is not necessary tbat tbe lines dividing the Sgure 
be drawn at equal distances apart, nor that they be parallel; they 
may divide the figure into smaller flBures of any form, of which the 
c«ntere ot gravity and areas can be easily determined. It is necessary 
only that each of the vertical lines ao*, D t>', etc., be drawn through the 
center ot gravity of tbe corresponding part, and that tbe t 




0-1, 1-2, etc., laid off on the vertical load line, be proportional to the 
areas of the respective parts. 

BxpMlmentail Uethode. 

To find the center of gravity ot any plane figure experimentally, 
proceed as follows: 

Firtt Method. Cut out the figure of cardboard or very thin metal 
plate. Balance it across a perfectly straight knife edge and mark tbe 
line of the knife edge acroas the figure; then turn the figure about 
90 degrees and balance It across the kulfe edge again, marking tbe line 
of the knife edge. Each line defining the position of the knife edge 
will be a gravity axis, and the intersection ol the two axes will be the 
center of the figure. 

Becona Method. Cut out tbe figure ot cardboard or tbio metal, a» in 
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the preceding method. Suspend it by a point near one edge In Buch 
manner that the figure will be free to turn about the point of sus- 
pension; suspend a plumb line from the aame point of euspenaion and 
mark Its direction across the figure. Then suBpeud the figure from 
some other point, and again mark the direction ot the plumb line. The 
two lines deSning the positions of the plumb line will be gravity axes, 
and their intersection will be the center of gravity ot the figure. The 
figure may be suspended by a pin driven through the cardboard into 
a vertical wall; but, in order that the figure may be free to turn, It 
will generally be better to suspend it by a. thread. These methods have 
already been explained in Chapter II, In connection with the moment 
of resistance. 

Center of Oravlty of Solid Bodies. 

The center of gravity of a sphere, spheroid, cylinder, cylindrical 
ring, cube, prism, parallel op Ipedon or any polyhedron Is at the geo- 
metrical center of each body. 

The center of gravity ot a cylinder or prism is at the middle point 
ot a line joining the centers ot gravity ol! Its parallel surfaces. 

The center ot gravity of a hemisphere la on its axis, or radius per- 
pendicular to its base, at % length ot the radius . from the center o( 
the sphere. 

The center of gravity of a right" cone or right pyramid Is In the line 
Joining the vertex with the center ot gravity ot the base, .at 'A, the 
length of the line from the base. 

If a body be suspended freely at a point other than Its center of 
gravity, its center of gravity will be vertically below the point ot sus- 
pension. This principle affords an easy method of finding the center 
of gravity of any body, as descrll>ed in the second method for finding 
experimentally the center of gravity of any plane figure. 
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No. 10. Examples of Machise Shop Pbactice. — Three chapters or Cut- 
ting BeTel Oears with a Rotary Cutter, Spindle Construction, and the Making 

ol a Wcrm-Gear. The descriptions ot the operations are profusely Illustrated, 
demon ^^tra ting the value of the camera for telling the story of uiachioe shop 
work, and for graphic Instructions in the methods o( machine shop practice. 

No. 11. Beabinos. — Design of Bearings, Hot Bearings. Oil Grooves and 
Pitting of Beailngs, Lubrication and Lnbricants, and Ball Bearings. 

No. 12. Mathematical Pbinciples ok Machine DESiG.s.^The matter pre- 
sented is almost entirely the work of Mr. C. F. Blake, a name very tamlltar to 
the readers of Machinebt. Draftsmen and designers will find the chapters on 
the Efficiency ot Mechanisms and Notes on Design full of valuable su^estlons. 

No. 13. Blankikg Dies. — Contains chapters dealing with Blanking Dies in 
general, the Design of Dies for Cutting Stock Economically, Split Dies, and 
General Notes on Die Making. 

No. 14. Dktailb or Machine Tool Design. — Contains chapters on the deter- ■ 
mination of the Diameters ot Cone Pulleys, the Relation between Cone Pulleys 
and Belts, the Strength of Countershafts, and Tumbler Gear Design. 

No. 15. Spub Geabino. — Contains chapters on the First Principles of the 
Action ot Gears, the Arithmetic of Spur Gearing, Formulas for the Strength ot 
Gear Teeth, and the Variation of the Strength of Gear Teeth with the Velocity. 

No. 16. Macuibb Tool Drives. — Contains chapters on the Speeds and 
Feeds of Machine Tools; Machine Tool Drives; Single Pulley Drives; and 
Drives for High Speed Cutting Tools. 

No. 17. Stkenoth of CtLJSDKBB. — Deals with the subject of strength of 
cylinders against Internal hydraulic or steam pressure. Formulas, tables and 
diagrams are given to facilitate the design of such cylinders. 

No. 18. AsiTHMEaic poa the Maciiikist.— Among the various subjects 
treated are the following: The Figuring ot Change Gears; Indexing Movements 
for the Milling Machine; Diameters of Forming Tools; and the Turning of 
Tapers. Simple directions are given for the use of tables of sines and (angents. 

No. 19. Use of Fobmulas is MsxUANica.^This pamphlet la adapted for the 
man who lacks a fundamental knowledge of mathematics. It opens with a 
chapter on mechanical reading in general, and proceeds to explain thoroughly 
the use of formulas and their application to general mechanical subjects. 

No. 20, Spibal Ge.irino. — A simple, but complete, treatment of the subject, 
from a practical point of view, giving directions for calculating and cutting 
helical, or, as they are commonly called, spiral gears. 

Lack of space prevents a description ot -the following very useful and in- 
teresting pamphlets; — 

No. 21. Measubino Tools. — No. 22. Calculations of Elements of Ma- 
ciKNP. Design. — No. 23. The Tiif.ory of Cbask Desion.— No. 21. Examplks of 
Calculatiso Debions. 

OTHER PAMPHLETS ItiTfiE SERIES WILL BE ANNOUNCED IN MACHISHRV 
PROM TIME TO TIME. 

The Industrial Press, Publishers of Machinery, 
49.C5 Lafayette Street, New Tork City, U. S. A. 
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allow for binding is sets if desired. 
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CHAPTER I. 



OAIX^niiATINO SPIRAL OKAB8. 

, lu taking up ihe subject of Bplral eeare with students at tbe Wor- 
ceBter FolytechElc Institute, some dltflculty was experienced over the 
fonnutas relating to their construction. It these trouble men accus- 
tomed to the use of trigonometry, the? must certainly be confUBlng 
to shop men. As the explanation of the method of figuring these 
geara, which has been arrived at for the students' use. Involves a 
minimum amount of mathematics, It may be of value to others. At 
the same time, the formulas e'ven will be thoroughly explained and 
mathematically proved for the beaeOt of those who wish to fully study 
the subject. 

. As It Is most convenient to adapt these gean to the standard diame- 
tral pitch Gutteni used for spur gears, we will consider the subject only 




from that point of view. Thts gives ub at once the normal pitch, that 
Is, the pitch measured perpendicular to the face of the tooth, and also 
the shape and depth of the tooth. 

In the case of a spur gear, we cilt the teeth at right angles with the 
base ot the cylinder on which the gear Is cut, as at a In Fig. 1. The 
space appears in its true size and shape on the base of the blank. If, 
now, we cut the teeth at some other angle, say at 30 degrees with a 
line parallel to the axis o( the gear blank, as at b tn Fig. 1, we see 
that the width of the space measured on the base Is greater, and It 
will be greater still If the angle Is Increased. It is thus evident that 
the number of teeth that can be cut on a given cylinder decreases aa 
the angle of the teeth with a line parallel with the axis ot the gear 
Increases. 

Goo<^lc 



4 SPIRAL GEARING 

Numtwr of Teetb and Dloinater of Bluik. 
Referring to Fig. 2, suppose the line b c to be a part of the base ot 
the cylinder, and the two parallel Unee making the angle 8 with a line 
parallel, with the aila to represent the center lines of two adjacent 
teeth. Then, a 6 will represent tie normal pitch, and b o the circum- 
ferenttal pitch; but, aa C^tf, 

a El = & c cos $, whence 
al 

6c= . 

cosS 
The number of apur-gear teeth that can be cut In a blank of pitch 
radios r le expressed by the formula: 

W. = arP, (1) 

where P Is the diametral pitch and H, the number of teeth. 

From this we see that the number of teeth In a spiral gear of ttaU 
pitch and pitch radius, and of angle S, will be 

W=2rPcosB, (8) 

Take as an example a gear to be cut 6-pltch, with teetb at an angle 

of 60 degrees to a line parallel with the axis of the gear, and a pitdi 

diameter of about 2^ Inches. Then, r=:l^.; i'=;6; coeff:=O.E>. Henca, 

N = 2X1W X-6X 0.5 = 7%. 

As a gear of 7<4 teeth Is impossible for continuous rotation, we most 

make the number of teeth either 7 or 8. Suppose we make It 8. Then, 

to find the pitch diameter of the gear we use the same formula, but 

transposed as follows: 

• 2Pcos«' 

from which we get, after substituting 8 for N, 
8. 

r = =1 1/3. 

2 X 6 X 0.5 
The pitch diameter of our blank must, therefore, be 2 2/3 Inehea, 
the same as for a spur gear of 16 teeth. As we are using diametral 
pitch cutters, the addendum will be the same as for a spur gear of the 

1 
same pitch. Adding — to the pitch diameter on each side will make 

P 
tbe whole diameter 3 Inches In this case. 

Hilling Spiral Teeth. 
In order to mill the teeth, we must be able to set up the machine 
so as to make, approximately, the correct advance per revolution of 
the work. This advance will be equal to the circumference of the 
blank, measured on the pitch line, multiplied by the cotangent of tbe 
angle of the teeth. As thia usually presents no difBculty, we pass It 
over with simply saying that gears run together quite nicely, even It 
the lead as figured Is not exactly obtainable on the milling machine. 
After Iisvln^ set ffur machine to cut tbe desired spiral, we next wlidt 
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CALCULATING SPIRAL GEARS 5 

to select the proper cutter. This will be, unleee the angle $ Is very 
small, quite a different cutter from that used for a spur gear of the 
same diameter, or of the same number of teeth. Brfffrn A Sharpe Co. 
advlBee turning up a blant of the size ot the pitch diameter and laying 
out on it a helix at right angles to the helix of the teeth of the gear to 
be cut. as In Fig. 3, fitting a cardboard templet to the face ot the cylin- 
der along ttaie curve, and then finding the diameter of the circle cor> 
responding to this templet. 

The cutter should be such as will be suitable for a gear of this 
diameter and the glren normal pitch. This is a sufficiently close 
method for gears of a large number of teeth, but requires considerable 
care for gears of 12 or less teeth. Moreover, we require a method 




that can be worked out entirely in the drafting room. Grant says that 
the cutter should be right for a spur gear having a number ot teeth 
equal to the number of teeth In the spiral gear, divided by the cube 
of the cosine of the angle of the teeth. This gives an exact result, but 
he otters no explanation of his statement. The following, we hope, 
will seem a, clear demonstration. 

DemonetrBitlon of Grant's Formula. 
It will be seen that what we wish to find at the start is a circle 
having the same radius as the hellz which is drawn on our pitch 
cylinder perpendicular to the teeth, as in Pig. 3. The angle of this 
helix will be 90 — $ degrees. If Ji = radius of curvature of this helix, 
then from the well-knowa tormula In analytic geometry tor the radius 
ot curvature ot a helix, we have 

B = -~ _^ = — — . (3) 

aiuMSO — #) coB"« 
The demonstration of this tormula is as follows: 
Assume that r^ radius of the cylinder on which the helix Is drawn, 
and S is the angle ot the helix with a line parallel to the axis of the cyl- 
inder. In Fig. 5 la a cylinder of radius m'c^^r. on which is drawn a 
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6 SPIRAL GEARING 

helix. We bave assumed three polnta, a, t, and c equidistant on the 
helix, the middle point, t, being taken at the extreme front of the 
helix, for convenience only. 

We wish to draw a circle paaaiug through the three pointa, a. b, and 
«. To do this we have revolved the two outside points Into the Earns 
horizontal plane as t>, placing a at and c at /. We represent these 
points In the top view hy 0' and f. Through g', b', and f we draw a 
circle Jiavlng Its center at k' and radius k' f, which we will call R,. 




This circle will be represented in the front view by the horizontal line 
ff to f. The original position of this circle In the front view Is repre- 
sented by the straight line a to c. The angle between these two lines 
we call e,. Remember that this la not the angle of the helix with the 
base, but Is the angle of the original plane of the circle through a, b, 
and c with the horizontal. Now, 



bc = bf = 



-bcc- 



(0) 



(6) 
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Sqaaiing, 

(d' &)• = (d' /■)• C(»' 9, , (7) 

(d'c-y = {m'e-y - (m'd')» =r' - (m'd')* (8) 

(d'/')' = (*'/')' -<fc'd')' = «'.'- (.Kd)'. (9) 

Subrtituting (8) aod (9) in (7), we have, 

i-» - (m' d')" = [Jf, - (f d)'] cos' e, (10) 

m-d' = r-db' 

(»»' d')' = r« - 3 r (d' f) + (d' &')» (11) 

fc^ d' = e, - d' 6' 

(k- d-y = ie,« - a ii, (d' v) + {* 6')«. (la) 

SubBtitatiiigfrom(ll) and (12) in (10) we get: 
r» - r' + a r (d' 6') ~ (d' 6')" = 

{R't - iP, + 3 fi, (d' fc') - (d' 6')»] cob' S,. (18) 
Cancelling we have, 

a r - d' b' = (3 fi, - d' 6') oos' «,. (14) 

This expression la true tor any three points equidistant on the helix. 
Let us remember that the radius of curvature (or any curve Is the 
radluB of the circle passing through any three conseculiue points. We 
will accordingly consider points a and c moved up so that they become 
consecutive points with b, and see what the effect ts on equation (14). 
Then 

r will remain constant, 

d' b' wilt become practically zero on each side of the equation and 
may he neglected, 
R, becomes R. the radius of curvature at the helix, and 
8, becomes 6, the angle of the hetlx. 
Substituting these values In (14), we have, 

2r = 2Rcoe'0 (IB) 



Referring, now, to formula (1), and applying It to a gear of radius 
R, we have 



For our spiral gear we found, by formula (2), that: 

K = 2rPc08a. 
Dividing (16) by (2), we have 



cob' 9 
Another derivation of the same formula, which may be of interest 
to Bome, was presented by H. W. Henes in Machirbbx, April, 190S. 
The following notation Is used in this derivation: 
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iVc = number at teeth In a[mr gear for vtalch cutter is Intended. * 

JT^ number of teeth In the desired spiral gear. 
a=:the angle which the direction of the spiral makes with the 
axis of the gear. 

Let Pd be the perpendicular distance between two consecutive teeth 
on the spiral gear, and let D, be the diameter of the spiral gear. Let 
the gear be represented as to Fig, 6, and pass a plane through It per- 
pendicular to the direction of the teeth. The section will be an ellipse 
as shown In CEDF. Designate the semi-major and seml-mtnor axes 
b7 a and b respectively. 




Now A'c is the number of teeth which a spur gear would have If Its 
radius were equal to the radius of curvature of the ellipse at B. There- 
fore, It Is required to determine the radius of this curvature of the 
ellipse. This Is done as follows: 

From the figure we have: 

26 = axis BF — D, (17) 



2a = axis CD — QH = 



HI 



(18) 



From (17) and (IS) we have tor a and 6 



2 cos a 
It Is known, and shown by the methods of calculus, that the mini- 
mum curvature of an ellipse, that Is, the curvature at E or F, equals 
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b 
— . Taking the values of a and b found in (19) and (20), we have the 

currature at B: 



Curvature = — ^ : 

4 cos* a 

1 
It Is also BhowB In calculus that the curvatvre Is equal to — , wbere 

B 
R Is the radiiit of curvature at the point E. Therefore from (S) we 
hare: 

1 Scoe*a D, 

— ^ , whence R ^ (22) 

R D, 2 cos* a 

Formula (22) can also be arrived at directly, without reference to 
the minimum curvature of the ellipse, by introducing tbe formula for 
the radluB of curvature In the first place. The curvature 1b simply the 
reciprocal value of the radius 'of currature, and ts only a comparative 
means of measurement. The radius of curvature of an ellipse at the 

end of its short axis Is — , from which formula (22) may be derived 

b 
directly by Introducing the values of a and & from equations (19) 
and (20). 

Having now found tbe radius of curvature of the ellipse at B, we 
proceed to find the number of teeth which a spur gear of that radius 
would have. From Fig. 6 we have: 

Po 

AB= (23) 

Mow, tf A B be multiplied by tbe number of teeth of the spiral gear, 
we shall obtain a quantity equal to the circumference of tbe gear; 
that is: 



rDi. and since A B = 



In equation (26) the numerator of the fraction is the circumfer- 
ence of the spur gear whose radius la R. and the denominator is the 
circular pitch corresponding to the cutter. 
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From equation (22) we bave: 



2 COB* a 

Substituting thU value of R In (25), we have: 



P. X 2 oo8« « 
From equation (24) we have: 

jVPo 

SubBtftute this value of D, in equation (26) and we bare: 
2irNP„ 



JV, ^ (26) 

Since W Is the numter of teeth In our spiral gear and N, is tbe num- 
ber of teeth In a spur gear which has the same radluB as tbe radius 
of curvature of the helix above referred to, thla Is tbe equivalent of 
saj'inT that the cutter to be uaed should be correct for a number of 
teeth which can be olitatned bf dividing the actual number of teeth in 
tbe gear by tbe cube of tbe cosine of tbe tooth angle. Since the cosine 
of angle e (or a, as It was denoted in tbe derivation of the cutter 
formula last given) Is always less than unity, It^ cube will be still 
lees, BO iV, is certain to be greater than N, which will account for the 
fact that spiral gears of less than 12 teetb can be cut with the stan- 
dard cutters. The getting of tbe cube of cos t may tmther some, as 
tbe cubing of any traction is apt to do, but a graphical method la 
given later in this chapter which, even if roughly laid out, will glv« 
BufDclently accurate results for this purpose. For the other uses of 
this graphical method, care must be used, or the results are not to 
be depended on. 

Caloulatton of Velocity Batlo. 

Now we are able to cut the gear, once having decided on the number 
of teeth, pitch (or pitch diameter). and angle of teeth, but in designing 
we almost always wish to transmit motion with some definite Telocity 
ratio, if we were dealing with spur gears we would know that the 
ratio of speeds would be Inversely proportional to tbe pitch diameters 
or tbe number of teeth. If the teeth were twisted or cut spiral on 
tbe surface end the axee still were left parallel, this same velocity 
ratio would obtain, but the moment we move tbe axes out of tbe same 
plane, this convenient ratio ceases to exist. Then there can be but one 
point of contact of the pitch cylinders, consequently all motion must 
he transmitted as if through thla one point, it smooth running ta to be 
attained. The actual motion of tbe tooth at this point must be at 
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rlgbt angles to the axis of the gear, but It may be considered as tbe 
resultant of two motloDB, one of sliding parallel to the teeth, which 
we can see must happen since the two gears do not run la the same 
plane, and the other perpendicular to the teeth, which Is the effective, 
or driving motion. This latter motion normal to the teeth must be 
the same for both gears. 

In the case of a driving gear of radius r and angle 9, the velocltr 
or this point m a plane perpendicular to the axis will be 2 r r n, 
where n Is the number of revolutions per minute of the driving gear. 
Let ne consider the point c of the gear In Fig. 3. Assume the line a b 
to represent the linear velocity and to be equal to 2 t r n. The line 
c b Is perpendicular to the tooth, and a c parallel to the tooth. These 
three lines complete the triangle a b c, and therefore a c will represent 
the sliding component of the point c, and c b the motion perpendicular 
to the tooth. Then, 

6c = 2rrncofltf, 
since in the triangle a fi o the angle a b c is equal to S. 

This, also, is the velocity of the contact point of the driven gear In 
the same direction, or In a direction normal to the teeth of the driven 
gear. We will assume this gear to have a radius r' and angle 9*. Con- 
sidering the gear In Pig. 4 to be the driven gear, with axis at right 
angles to the axis of the driving gear, we have 

a c (Fig. i) =6 C (Fig. S)=2rTncoBe. 

The resulting motion perpendicular to the asla of the gear will then 
be 

a c 2 * r n cos 9 
c6(Fig. 4)= = ■_ 

This is the linear velocity of the point a; to get the number of revo- 
lutions of the driven gear we divide by the circumference of the driven 
gear, which is 2 «- r', glTlng 

2 r rn COS 



2^1' COBS' 

rcoetf 



That is, the relative motion of the two gears is inversely proportional 
to the product of their diameters and the coBlnes of the angles of 
their teeth. 

If both are 4E-degree gears, this last factor becomes Inoperative, 
and the gears produce motion In the same ratio as spur gears of the 
same sizes. The same Is also true If the axes are parallel, tor » and f 
then become equal. 

cos 9 cos # 

If the axes are at right angles, 9 — 90 = 9', and = = 

cos 9* tin 9 
n' r 
cot 9, whence: — ^ — X cot*, 
n r" 
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12 SPIRAL GEARING 

ThlB property ot spiral gears, of having a vaiylng Telocity ratio 
for both size and angle. 16 valuable, In that It enables one to obtain 
varying velocity ratloe with the same size ge&T. For example, eup- 
poBe we have two gears, one of 8 teeth and one of 16 teeth, both 45- 
degree gears, on axes at right angles. The velocity ratio la 2 to 1. 
If, now, we want a velocity ratio of 3 to 1 on the same axes with the 
same sfze gears, we use the fonnula last arrived at, 

«' r 11 

— = — cottf, or, — ^ — cots, 



cotff = — — 0.666S. 
3 
» will then be 66° 19' and #■ will be 33° 41'. 

If we use cutters gt the same pitch as before, the number of teeth 
become fractional numbers, thus making ImposelUe conditions for 
practical use. It will, then, be necessary to use a fractional pitch cut- 
ter. To find what this cutter should be, decide on the number of teeth 
to be used In each of the two gears to give the desired new velocity 
ratio of 3 to 1; then solve formula (3) for P, substituting the required 
data from either of the two gears. 

The relation between the angles of the shafts and gear teeth will be 
readily understood by & little thought, in gears whose axes are at 
right angles we have seen that the sum of the angles of the gear teeth 
Is equal to 90 degrees, the angle of the shafts. This Is true for any 
gears whose spirals are both right-hand or both left-hand. Carrying 
this to an extreme, we find that If the tooth angles become zero de- 
grees (as In spur gears), the shaft angle becomes ISO degrees, or the 
shafts are parallel. If one gear Is right-hand and the other left-hand, 
then the angle of the shafts will be equal to the difference of the tooth 
angles. If the gears have their teeth at equal angles, but one right- 
hand and one left-hand, then the shaft angle will be zero; that Is, 
the shafts are parallel and the gears are twisted gears, or Hooke's 

Fig. 7, while It Is Innocent looking enough, contains a solution of 
all the bothersome points of the figuring of the spiral gears to be cut 
with the usual diametral pitch cutters. 

To Illustrate the use of the figure, we will take as an Illustration a 
24-tooth gear of 30-dei;ree spiral angle, to be cut with an S-pItch 
spnr-gear cutter. 

Lay off a & = 3 Inches, the diameter of a spur gear of 24 teeth, S- 
pitch. Lay off the angle 6 30 degrees as shown, and erect a perpen- 
dicular at b to a b. Intersecting at a o at c. The line a c will be the 
pitch diameter of the required spiral gear (3.46 Inches). The out- 

2 
side diameter will be equal to this diameter plus — , as In spur gears 

P 
(3.71 inches). The depth of tooth will be the same as for a spur 
gear of the same pitch. 



D.qit.zeaOvGoOt^lc 



CALCULATING SPIRAL GEARS 13 

Extend <t b and a c. At c erect a perpendicular to a c, meeting a b 
at d. At d. In turn, erect a perpendicular to a d, meeting o c at e; 
a e win be the diameter of a spur gear having the correct number of 
teeth from which to cbooae a cutter to cut our spiral. In this case 
the diameter la i% Inches, corresponding to a 37-t«>th gear. So we 
win use the same cutter to cut our 24-tooth spiral gear as that we 
would use to cut a 37-tooth spur gear. 

Extend, in turn, a d and a e till a line, of length equal to a c, drawn 
perpendicular to a d will meet a e, as f g; then fax* will be the 




_i_ 
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lead of the spiral to which we should set the milling machine <ln this 
case 18.S5 Inches). The diagram depends on the following facts relat- 
ing to spiral geara. 

J> a dlam. spur gear 



dtam. spiral gear 




Lead of helix 

-=:tan (90° — tf) 



Circumference of pitch cylinder 
Diylde by » and transpose 
Lead 
= diameter of pitch cylinder X 



But pitch diameter = a 


= fl7; therefore 




Lead = 


XtgXw = 

fa 


Therefore lead 


of helix 


= fay. 11. 
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CHAPTER II. 



EULES AND FORMULAS FOB DBSIGNINO- SPIEAL 
OBABS. 

In accordance with time-honored custom, this contribution to the art 
of designing helical or "spiral" eeant opens with an apology. The 
subject Is one which, Irom Its very nature, can be approached from 
any one ot a number of dlBerent ways, and It has been approached 
from BO many of these posBlble dlfCerent ways that perhape the sub- 
ject has become quite confused In the minds of many readers of tech- 
nical literature. The writer does not offer the excuse of norelty In the 
methods presented in the following paragraphs, since some of the 
details which were Independently worked out by him have been de- 
scribed by others. His reason for adding one more to the series of 
solutions of helical gear problems IB that the method described appears 
to reduce the more serious of this class of problems to Its most simple 
elements. The method of procedure will be described without proof 
or comment. 

Two terms will be used which may require some explanation. In 
using the expression "tooth angle," the angle made by the teetb with 
the axis of the gear Is meant, not the angle of the tooth with the face 
of the gear, an unfortunate use sanctioned by some writers. Fig. S 
shows a, as the tooth angle of gear a, and ai, as the tooth angle of 
gear 6, used In the sense In which we will use them. The angle be- 
tween the shafts. 7. Is 90 degrees In all the examples which will be 
considered In this chapter. The first rule to be used In the design of 
liellcaJ gears relates to the tooth angles. 

Rule 1. The sum of the tooth angles of a pair of matinff helical 
gears is equal to t\e shaft angle. 

That la to say, In Pig. 8, angle a. added to angle Ob equals angle 7, 
as is self-evident from the cut. 

The second term which requires explanation is the "equivalent diam- 
eter." The quotient obtained by dividing the number of teeth in a 
. helical gear by the diametral pitch of the cutter used gives us a very 
useful factor for figuring out the dimensions of helical gears, ao the 
writer has ventured to give It this name "equivalent diameter," an 
abbreviation ot the words "diameter of equivalent spur gears," which 
more accurately describe It. This quantity cannot be measared on 
the finished gear with a rule, being only an Imaginary unit ot measure- 
ment. The next rule deals with this term. 

Rule 2. The equivalent dtameter of a helical gear is found 1>y divid- 
ing the numfier of teeth In the gear by the diametral pitch of the cutter 
tcith which it is cut. 

For Instance, In a 20-tooth gear, cut with an S diametral pitch cattw, 
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tbe equlTaient diameter will be 214 Inches. The actual diameter of 
the gear will vary widely from this, depending on the tootb angle. 

The process of locating a railway line over a mountain range is 
divided into two parts; the preliminary eurvey or period of explora- 
tion, and ttie final determination of the grade line. The problem of 
designing a pair of helical gears resembles this engineering problem 
In having many poeeible solutions, from which it is the business of the 
designer to select the most feasible. For the exploration or prelimi- 
nary survey the diagram shown in Fig, 9 will be found a great con- 
venience. The materials required are a ruler with a good straight 
edge, and a piece of accurately ruled, or, preferably, engraved, cross- 
section paper. It a point, O, be so located on the paper that B O, the 
distance to one margin line, be equal to the equivalent diameter of 
gear a. while B' 0. the distance to the other margin line, be equal to 
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the equivalent diameter of gear b. then (when tbe rule Is laid diagon- 
ally across the paper In any position that cute the margin lines and 
passes through point 0) D O will be the pitch diameter of gear a. D' 
tbe pitch diameter ot gear b. angle BOD the tooth angle of gear a 
and angle B' D' the tooth angle of gear b. This simple diagram 
presents Instantly to the eye all possible combinations for any given 
problem. It Is, of course, understood that In the shape shown It can 
only be used for shafts making an angle of 90 degrees with each other. 

The diagram as Illustrated shows that a pair of helical gears having 
12 and 21 teeth each, cut with a &-pltch cutter, and having shafts at 90 
degrees from each other and 5 Inches apart, may have tootb angles of 
36° 52" and 53° 8' respectively, and pitch diameters ot 3 Inches and 7 
Inches. 

Suppose tt were required to figure out the essential data tor three 
eels of helical gears with shafts at right angles, as follows: 
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1st. Velocity ratio 2 to 1, center dtetance between shaftB 2^ Inches. 

2d. Velocity ratio 2 to 1, center distance between sbafts 3% Inches. 

3d. Velocity ratio 2 to 1, center distance between shafts 4 Inches. 

We will take the first of these to Illustrate the method of procedure 
about to be described. 

We have a center distance of 2^ inches and a speed ralio between 
driver and driven shafts of 2 to 1. The first thing to determine la 
the pitch of the cutter we wish to use. The designer selects this ac- 
cording to his l^est Judgment, taking Into consideration the cutters on 
hand and the work the gearing will have to do. Suppose he decides 
that 12-pltch will be about right. In Fig. 9 It will be remembered 



that D was the pitch diameter of gear a, while D' was the pitch 
diameter of gear b. That being the case D D' is equal to twice the 
distance between the shafts. In the problem under consideration this 
will be equal to 2 X 2%, or 4^; inches. Fig. 10 is a skeleton outline 
showins the operation of making the preliminary survey with rule 
and cross-section paper. A G and A O' represent the margin lines of 
the sheet, while D D' represents the graduated straight edge. By the 
conditions of the problem the distance between points D and D', where 
the ruler crosses the marsin lines, must be equal to 4i,i inches. There 
has next to be determined at what angle of inclination the ruler shall 
be placed In locating this line. To do this, we will first find our 
"ratio line." Select any point C such that C. F' is to C f as 2 Is to 1, 
which is the required ratio of our gears. Draw through point C so 



Goot^lc 



RULES AND FORMULAS 



17 



located, the line A B. I4ne A E is tben tbe ratio line, that 1b, a line 
BO drawn that the measurements taken from anj* point on It to the 
margin lines will be to each other In tbe same ratio as tbe requtred 
ratio between the drlTlng and driven gear. Now, br BhtftinR the ruler 
on the margin tines, always being careful that they cut oil the required 
distance of 4^ Inches on the sraduatlons. It Is found that when the 
rule Is laid as shown In position No. 1, cutting the ratio line at 0", 
the distance from the point of Intersection to corner A Is at its maxi- 
mum. For the minimum value, the ttnth vngle Is tbe limiting teatare. 
For a gear of this kind, 30 d^rees 1b, perhaps, about as small as would 
be advisable, so when the ruler Is Inclined at an angle of about 80 
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Fls^ 10. PrvllmlDftry OrtptalcKl Solution toT Problvm No, 1. 

degrees with margin line A G', and occupies position No. 2 as ehowu. 
It will cut line A £ at 0", and the distance cut off from the point of 
Intersection to comer A will be at Its minimum value. The ruler 
must then be located at some Intermediate position between No. 1 and 
No. 2. 

Supposing, for example, 14 teetb In gear a and 28 teeth In gear b be 
tried. According to Rule 2, the equivalent diameter of gear a will 
then be 14 — 12, or 1.1GS6 inch; the equivalent diameter of b will be 
'28 -^ 12. or 2.3333 Inches. Returning to the diagram to locate the 
point of Intersection, It will be found that point 0'" Is so located that 
lines drawn from it to A G and A G' will be equal to 1.1G6G Inch and 
2.3333 Inches respectively, hut this Is beyond point O', Vhich was 
found to be the outermost point possible to intersect with a 4^-lncli 
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line, D D'. This sbow8 that the conditiODB are tmpoBsfble of tulflll- 

Trflng next 12 teeth and 24 teeth, respectively, for the two gears, 
the equivalent diameters by Rnle 2 will be 1 Inch and 2 Inches. Point 
Is now so located that B equals 1 Inch and O B' equals i Inches.* 
Seeing that this r&lls as required between O' and O", stick a pin in 
at this iwlnt to rest the straight edge against, and shift the straight 
edge about until It Is located In such an angular position that the 
margin lines AO and J. O' cut oft 4^ Inches, or twice the required 
distance between the shafts, on the graduations. This gives the pre- 
liminary solution to the problem. Measuring as carefullr as possible, 
D 0, the pitch diameter of gear a. la found to be about 1.266 Inch diam- 
eter, and D' 0, the pitch diameter of gear b, about 3.236 Inches. Angle 
BOD, the tooth angle of gear a. measures about 37° SO*. Angle 
B'Oiy. the tooth angle of gear b, would then be 52° 10' according to 
Rule 1. To determine angle BOD more accurately than Is feasible by 
a graphical process, use the following rule; 

Rule 3. The tooth anple cf gear a in a pair of vtating tielical gearg, 
a and b, whose axes are_ 90° apart, mutt be so selectei that the effulffo- 
lent diameter of gear b plut the prodiict of the tangent of the tooth 
angle of gear a by the equivalent diameter of gear a, wflJ be equal to 
the product of twice the center distance tv the sine of the tooth angle 

That la to say, in this case, OB'+(OBX the tangent of angle 
BOD)=.DD' X the sine of angle BOD. Perform the operations Indi- 
cated, aeing the dimensions which were derived from the diagram, to 
see whether the equality expressed In this equation holds true. Sub- 
stituting the numerical values; 

3 -I- (1 X 0.77661) = 4.5 X 0.61337. 
2.77661 = 2.76016, 
u result which Is evidently inaccurate. 

The solution of the problem now requires that other values for angle 
BOD, slightly greater or less than 37° 60', be tried until one Is found 
that will bring the desired equality. It wlU be found finally that if 
the value of 38° 20' he used as the tooth angle of gear a, the angle 
Is as nearly right as one could wish. Working out Rule 3 for this 
value: 

2 -I- (1 X 0.79070) =4.5 X 0.82024, 
2.79070 = 2.79108, 
This gives a difference of only 0.0003S between the two sides of the 
equation. The final value of the tooth angle of gear a Is thus settled as 
being equal to 38° 20'. Applying Rule 1 to find the tooth angle of 
gear b we have: 90° — 3S° 20' = 61° 40'. The next rule relates to find- 
ing the pitch diameter of the gears. 

Rule- 4, The pitch diameter of a helical gear equals the equivalent 
diameter divided by the cosine of the tooth angle; or the equivalent 
diameter multiplied bji the secant of the tooth angle. 

If a table of secants Is at band, it will be somewhat easier to asa 
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the second method suggested by the rule, Bince multlpli'lag is usu&llr 
easier than dividing. Using tn this case, however, the table of coBlues, 
and performing the operation Indicated by Rule 4, we have for tba 
pitch diameter of gear a: 

I -=-0.78442 = 1.2748, or 1.273 Inch, nearlr: 
and for the pitch diameter of gear t: 

2 -H 0.62024 = 3.2245. or 3.225 Inch, nearly. 
To check up the calculations thus far, the pitch diameter of the two 
gears thus found may be added together. The sum should equal twice 
the center distance, thus: 

1.275 + 3.225 = 4.500, 
which proves the calculations for the angle. 

Rule 5. The outside diameter of a helical gear equal* the pUch 
diameter plus the quotient of 2 divided by the diametral pitch of the 
cutter uied. 

Applying this rule to gear a: 

1.2748 + {2 -r- 12) = 1.2748 + 0.1666 = 1.4414 = 1.441 Inch, nearly. 

For gear B; 

3^245 + (2 -J- 12) = 3.2245 + 0.166S = 3.3911 = 3.391 inches, nearly. 

In cutting spur gears of any given pitch, different shapes of cutters 
are used, depending upon the number of teeth la the gear to be cut. 
For Instance, according to the Brown & Sharps system for Involute 
gears, eight different shapes are used for a gear from 12 teeth to a 
rack. The fact that a certain cutter Is suited for cutting a 12-tootb 
spur gear is no sign that It Is suitable for cutting a 12-tooth helical 
gear, since the fact that the teeth are cut on an angle alters their 
shape considerably. To find out the number of teeth for which the 
cutter should be selected, use the following rule: 

Rule 6. The number of teeth for which the cutter shculd be telected 
to cut a helical pear ig found bv dividing the number of teeth in the 
gear Cy the cube of the cosine of the tooth angle. 

Applying this rule to gear a: 

12 -i- 0.784' = 12 -^ 0.4818 = 25—. 
and for gear b: 

24 -z- 0.620' = 24 -^ 0.2383 = 100 +, 
giving, according to the Brown A Sharpe catal(«ne, cutter No. 5 for 
gear a and cutter No. 2 for gear b. 

In gearing up the head of the milling machine to cut these gears 
it Is necessary to know the lead of the helix or "spiral" required to 
give the tooth the proper angle. To find this, use Rule 7. 

Rule 7. The lead cf the helix or "tpiral" of a helical gear is equal 
to the product of the cotangent of the tooth angle by the pitch diame- 
ter by 3.14. 

In solving problems by this rule, as for Rule 6. It will he sufflcient 
to use trigonometrical functions to three significant places only, thifl 
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being accurate enough for all practical purposea. Solving by Rule 7 
to find the lead to set up the gearing tor In cutting a: 

1.275 X 1.265 X 3.14 = 5.063, or 5 1/16 Inches, nearly; 
for gear &; 

3.2S5 X 0.791 X 3.14 = 8.010. or 8 3/32 inehcB, nearly. 

The lead of the hellK must be, In general, the adjnstable quantity 
In any eplral gear calculation. It special cutters are to be made, the 
lead of the bellx may be determined arbitrarily from those given In 
the milling machine table; this will, however, probably necessitate a 
cutter of fractional pitch. On the other hand, by using stock cntters 
and varying the center distance slightly, we might find a combination 
which would give us for one gear a lead found in the milling machine 
table, but it would only be chance that would make the lead for the 
helix in the mating gear also of standard length. It Is then generally 
better to calculate the milling machine change gears according to 
the usual methods to suit odd leads, rather than to adapt the other 
conditions to suit an even lead. It will be found In practice that the 
lead of tbe belli may be varied somewhat from that calculated with- 
out seriously attecting the efficiency of tbe gears. 

The remaining rules relating to the proportions of the teeth do not 
vary from those for spur gears and are here set down for tbe sake of 
GompletenesB only. 

Rule 8. The thickness of the tooth of a standard gear at the pitch 
line is equal to 1.5708 divided hy the diametral pitch of the cutter. 

For gears a and T> of our problem this gives: 
1.5708 -=-12 = 0.1309 Inch. 

Rule 9: The addendum of a standard gear is equal to 1 divided By 
the diametral pitch of tbe cutter. 

For gears a and t this will give: 

1-^12 = 0.0833 inch. 

Rule 10. The tehole depth of the tooth of a standard gear is e^al 
to 2.1571 dit>ided iy the diametral pitch of the cutter. 

This gives for gears a and b: 

2.1571-^12 = 0.1797 inch. 

This completes all the calculations required to give the essential 
data for making our first pair of helical gears. To Illustrate the variety 
of conditions for which these problems may be solved, the other cases 
will be workpd out somewhat differently. In the case Just considered 
no allowance was made for possible conditions which might have lim- 
ited the dimensions of the gears, and the problem was solved tor what 
might be considered general good practice. Gear a, however, might 
have been too small to put on the shaft on which It was Intended to 
go, while gear b might have been too large to enter the space available 
for It. If, as we may assume, these gears are Intended to drive the cam- 
shaft of a gas engine, the solution would probably be unsatisfactory. 
Case No. 2 will therefore be solved tor a center distance of 3% inches 
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>H required, but the two ge&rs will be made of about equal diameter. 
Fig. 11 ibows the preliminary graphical eolutlon o( tbls problem, the' 
reference letters in all cases being the same as In Fig. 10. With a 
10-pltch cutter. If this suited the Judgment of the designer, 15 teeth 
in gear a and 30 teeth In gear b would require that the point of Inter- 
section on the ratio line J. £ be located at where B equals the 
equivalent diameter of gear a, which equals 1^ inch, while B' equals 




No. S.fbr BquvJ Dluneton. 



the equivalent diameter of gear b, or 3 Inches, both calculated In 
accordance with Rule 2. The required coodltloD now Is that I> O be 
approximated to D'O; that Is to say, that the pitch diameters of the 
two gears be about equal. After continued trial It will be found Impos- 
sible to locale O. using a cutter of standard diametral pitch, so that D O 
and D' O shall be equal, end at the eame time have D D' equal to twice 
the required center diatance, which Is 2x3% Inches or 6% Inches. 
If this center distance could be varied slighdy without harm, BD 
could be taken as equal to A B: then it would be found that 
a line drawn from D through to D', though giving a somewhat 
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shortened center diBtance, would make two geare oC exactly the same 
. pitch diameter. 

Drawing Hue DOD', however, ae first described to suit the condi- 
tions of the problem, and measuring It for a prellmlnaiy solution the 
following results are obtained: The tooth angle of gear a wangle 
BOD = 63'= 45'; and the tooth angle ot gear £ = angle B'OD' = 90* — 
63° 45' ^ 26" 15', according to Bule 1. Performing the operations Indi- 
cated In Rule 3 to correct these angles, U Is found that when the tooth 
angle of gear a Is 63° 54'. and that (or gear B U 26° 6', the equation of 
Rule 3 becomes 

3 + (15 X 2.04125) = 6.75 X 0.89803 
6.06187 = 6.06170 
which iB near enough for all practical purposes. The other dlmenslouE 
are easllr obtained as before by using the remaining rules. 

To still further llluatrate the fleslbillty of the helical gear problem, 
the third case, for a center distance of 4 inches, will be solved In a 
third way. It is ahowD In MacCord's Kinematics that to give the least 
amount of sliding friction between the teeth of a pair of mating helical 
gears, the angles should be so proportioned that, in our diagrams, line 
D D' will be approximately at right angles to ratio line A E. On the 
other hand, to give the least end thruat against the bearings, line D ZK 
should make an angle of 45° with the margin lines A O and A Q', In 
the case of gears with axes at an angle of 90°, as are the ones being 
considered. The flrat eiample worked out In detail waa solved in 
accordance with "good practice." and line D D' waa located about one- 
half way between the two positions Just described, thus giving in some 
measure the advantage of a comparative absence of sliding friction, 
combined with as small degree of end thrust as Is practicable. To 
Illustrate some of the peculiarities of the problem. Case 3 will now be 
solved to give the minimum amount of sliding friction, neglecting 
entirely the end thrust, which is considered to be taken up by ball 
thrust bearings or some equally efDcleut device. On trial It will be 
found that, with the same number of teeth In the gear and with the 
same pitch as in Case 2, giving in Fig. 12, B 0, the equivalent diameter 
of gear a, a value of 1^. Inch, and B' O, the equivalent diameter of gear 
b. a value of 3 Inches as In Fig. 11, line D D' which Is equal to twice 
the center distance, or 8 Inches, can then He at an angle of about 90° 
with A E, thus meeting the condition required as to sliding friction. 
Thus this diagram, while relating to gears having the aame pitch and 
number of teeth as Fig. 11, yet has an entirely different appearance, and 
gives different tooth angles and center distances, solving the problem 
aa it does for the least sliding friction Instead of for equal diameters 
of gears. 

Measuring the diagram as accurately as may be, the following results 
are obtained: Tooth angle of gear a=BOD^=28°; tooth angle of 
gear 6 = angle B' D' = 90° — 28° = 62°. This Is the preliminary 
solution. After accurately working It out by the process before 
described, we have as a final solution, tooth angle of gear a ^ 28° 2S'; 
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tootb angle of gear h ^ 61° 33'. From this tbe remalnlag data can be 
calculated. 

Por designers who feel tbemaelves skillful enough to aolve sucli prob- 
lems as these graphically without reCereoce to calculations, the dia- 
gram maj be used for the final solution. The variation between the 
results obtAlned graphlcall; and those obtained tn the more accurate 
mathematical solution Is a measure of tbe skill of the draftsman as 
a graphical mathematician. The method IB simple enough to be readily 
copied In a note book or carried In the head. If the graphical method 
iB to be used entirely. It will be b^t not to trust to the cross-section 
paper, which may not he accurately ruled; instead skeleton diagrams 
like those shown In Figs. 10, 11, and 12 may be drawn. For rough 
solutions however, to be afterward mathematically corrected, as in 




the examples considered In this article, good cross-section paper Is 
accurate enough. It permits of solving a problem without drawing a 
line. Point may be located by reading the graduations; a pin 
inserted here may be used as a stop for tbe rule, from which the diame- 
ter and center distance are read directly; dividing AD, read from the 
paper, by DD'. read from the rule, will give the sine of the tooth 
angle of the gear a. 

Formulae fOr Spiral OearliiK, 
For sensible people, who prefer their rules to be embodied In form- 
ulas, the appended list has been prepared, using the following reference 
letters, which agree In general with the nomenclature o{ the Brown 
ft Sharpe gear books. 

JV.i^N'o. of teeth In gear a. 
JV'b^No. of teeth In gear 6, 
R = Velocity ratio = N^ a- K^. 
P" = Normal diametral pitch or pitch of cutter. 
£ = EqulvaIent diameter (explained above). 
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D = Pitch diameter. 
Oocenter distance. 
B^ Blank or outside diameter. 

7 = No. of teeth tor wblch cutter la selected. 
L^Lead of spiral. 

7^ Angle of axea, 
a =: Angle ot tooth with axis, 
t = Thickness ot tooth on pitch line. 

8 = Addendum. 

D" + / = Whole depth of tooth. 
Where subscript letters . and b are used, reference Is made to sears , 
a and i, aa for Instance, "N," and "Nt," where the letter X refers to 
the number ot teeth In gears a and b, reflpectlvely, of a pair of gears 
a and b. 

7 = ". + »b. (29) 

2f 
E = —^. (30) 

P" 
E„+ {E.Xta.-a B.)=2CX8ln a.. (31) 



(34) 
(3B) 

(36) 




(37) 
(38) 
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DIA(}BAMS FOB DBSIONINO- SPIRAL GBABS. 

Great dlfBcultles are usually experienced in deatgnlDg spiral gears, 
and tbese dlOlcultlee are greatly accentuated whan one has to deelgn 
tbsm for two shafts whose center distance cannot be altered to flutt 
the gears, and also when the angle between the shafts Is not a right 
angle, and the speed ratio fs not equal. The general practice ie to 
work out the gears by iengtliy mathematics, and should the answer not 
come out as desired, then a new trial Is made, Tarfinis either one or 
the other factor, until the angles and diameters are correct. This 
method of "cut and try" entails a great deal of work and waste of 
time. The following method, t(«ether with the diagrams used with 
it, will remove some of the dlfBcultles, and enable one to arrWe at the 
data required In a yery short time. The method adopted Is graphical, 
but the results may be checked by simple flguring. 

As the pitch diameter, spiral angle, and circular pitch are Interde- 
pendent, they cannot be considered aa a starting point in solving the 
problem, because they are not known. The starting point, therefore, 
mnst be the speed ratio, and some Idea of the strength required, to- 
gether with the center distance. These factors, as a rule, can easily 
be ascertained. As it is common usage to employ ordinary spur gear 
cutters tor regular diametral pitch to cut spiral gears with, the normal 
pitch, or distance from one tooth to the next measured at right angles 
to the tooth, must I>e the same as the pitch of a apur gear for which 
the cutter to be used is Intended; therefore the corresponding diam- 
etral pitch and the speed ratio must be the initial data, all others be- 
ing obtained afterwards. 

Three diagrams are given for the graphical solution of spiral gears. 
The diagram in Fig. 13 shows the relation between the quotient of 
number of teeth -r- diametral pitch, spiral angles, and pitch diameters. 
The diagram In Fig. 14 shows the relation between the diametral 
pitch, the number of teeth, and the quotient of the number of tee,tb -i- 
diametral pitch. Finally, the diagram In Fig. 15 shows the relation 
between the pitch diameter, the aplral angle, and the lead of the bellx. 
We will now proceed to give some typical examples Illustrating the 
use of the diagrams. 

Example 1. Given a gear having 24 teeth, G diametral pitch, and a 
spiral angle of 40 degrees. Find the pitch diameter. 

First obtain the value of the ratio, number of teeth -i- diametral 
pitch, which, In this case, can be obtained witho\<t referring to dia- 
gram Fig. 14, being eimpiy 24 ~ € ^ 4. Locate 4 on the horizontal 
line in diagram Fig. 13, and project vertically until the line from figure 
4 intersects' the line for 40 degrees spiral angle. Then follow the 



Goo»^lc 



ZS SPIRAL GEARING 

circular arc from this poiot, eltber to the rigbt or downward, reading 
off 6.22 on the corresponding scale, this being the pltcb diameter. 
Should the diameter be required accurately, we can flgure It by the 
formula: 

No. of teeth 1 

Pitch diametor = X 

Diametral pitch cob spiral angle 
1 

= 4 X 5.323 inches. 

ooe 40 deg. 
This also gives a check of the result obtained by means of the dia- 
gram. The lead of the helix Is now obtained from Fig. 15, by pro- 



jecting the pitch diameter 5.22 horizontally to the radial line for the 
spiral anRle, and then, following the vertical line to the lead scale 
at the bottom of the diap;ram, we find, in this case, a lead of 19.6 
In-^hes. Of course, the outside diameter of the blank would be 6.222 + ■ 
2x1/6 = 5.555 Inches, which is the pitch diameter + 2 times the 
addendum. 
Example 2. Required two gears which are to be equal In all respects, 
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the diametral pltcb being S, and the centers to be approximately 4 
Inches apart. 

As the centers are not fixed, the gears in this case may be made 
with 45 degrees spiral angle, and the center distance may be slightly 
adjusted to suit the pitch diameters. Referring to Fig. 13, follow the 
circular arc from diameter of gear ^= i Inches, until It Intersects the 
radial line Inr 45 degrees spiral angle; then follow the vertical line 
down to the scale of the ratio between the number of teeth and diam- 
etral pitch, which Is found to be 2.S2. Then, from Fig. 14, we find 
that with this ratio and S diametral pitch, the number of'teeth Is not a 
whole number, but the nearest number Is 23, giving a ratio of 2.ST5 
Instead of 2.S2. which, by reversing the process and referring to dia- 

DIAMETRICAL PITCH= DP 
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NUMBER OF TEETH OF GEAB= N Itachlntry.y.T. 

riB. M. RalaUon bttCTsau Dtsmstnl Pllcta. Huinbsr or ThiU, knd QnoUtut of 
Numbsr of T»tb dlTidad b; rxamstrU PIXcli, 

gram Fig. 13, gives a pitch diameter of 4,07 Inches. These Tesulte 
may be checked as follows: 

No. of teeth 1 

Pitch diameter = X 

Diametral pitch cos 45 deg. 



The outside diameter Is 4.07 + 2 X 0.125 = 4.32. The lead, as ob- 
tained from diagram Fig. 15, In the same way as In Example 1, Is 
12.79 Inches. 

Example 3. Required a pair of spiral gears having a normal pitch 
corresponding to 10 diametral pitch, having a given center distance of 
2H Inches approximately, the sum of the spiral angles being 90 degrees, 
and the speed ratio equal to 5 to 1. 

In this case both portions of diagram Fig. 13 are used, the upper part 
being employed for one gear and the lower part for the other, the 
easiest way being to get a strip of paper with two lines marked on Its 
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edge 5 inches <twlce the center distance) apart, drawn to the same 
scale as the diagram. Move this strip of paper on the diagram (bo 
tliat the edge oC the strip passes through the center), as indicated at 
A, Fig. 16. until the lines marked coincide with points where the 
ratios of number of teeth -H diametral pitch equal 5 -H 1, and tlien 
determine from Fig. 14 that these diametera also give whole numbers 
of teeth with 10 diametral pitch. We find that 0.5 and ^.5 at 78 de- 
grees and 12 degrees are two such poeltions, and aleo 0,6 and 3.0 at 70 
degrees and 20 degrees. If we use the latter values, we will have 6 
teeth and 30 teeth at 70 and 20 degrees angle respectively. The exact 
diameters can now be determined, as In our previous problem, and are 
1.76 and 3.1& Inches, respectively, the outside diameters being 0.2 inch 









80° 




J. 




e 


ANfi 


L.EI 


.DEGREES 










^. 


° 1 




/ 


/ 




1 




/ 


/ 


/ 






y 


1 . 


y 












/ 


h 




/ 


1/ 




/ 




/■ 






>, 




^ 






j 






/ 






A 


/ 




/ 




y" 




ix' 










1 


/ 


^ 




/ 


/ 




y 


, 


y 




/ 




y 


y\ 




-' 






' 


/ 


/ 


/ 


/ 


■ 


/ 


^ 




y 


' 


^ 






^ 




^3 




f 


/ 


/ 


/ 






/ 


/ 








X 




•^ 




'f^ 






■ 


1 


/ 


/ 


/ , 


'- 


< 


/ 


/ 




/■ 








^ 




-fi 


^ 


z:,. 




1 


/ 


/ 


/, 


'. 




y 


^ 












^ 


, 


1 


^/ 




'/ 


y 


y 






^ 


■'j.^ 






^ 










/ 


i/, 


// 


^ 


:::> 








L- 


z^ 


--1 


■^ 




— 










/) 


/^ 


^ 


^ 


t 


i:: 






— 1 


^ 


"^ 


u 






— 










L 


s 


~ 


S 


Z^ 






^ 




? 


H 


^ 




^ 


^ 


4^ 


ir 


■^, 



LEAD IN INCHES 



Pia-ii 



<r, Bplrkl Asala, ud 



larger, or 1.95 and 3.39 Inches, respectively. This gives the center dis- 
tances 2.47. These values can now be figured from the formuhts aa 
before, and the leads obtained. 

llxaiRtHe 1. Required a pair of spiral gears, having a fixed center 
distance of 4.5 inches, running at equal speeds, the diametral pitch 
being 7. The method of procedure Is similar to that of the last ex- 
ample, using a strip of paper having a distance of 9 Inches marked on 
the edge In the proper scale, as Indicated at B In Fig. 16. At about 
40 degrees spiral angle we find in Fig. 13 the ratio Of number of 
teeth to diametral pitch to equal 3.14. Thle ratio must be adjusted 
on diagram 14, as previously shown, so as to enable one to get a 
whole number of teeth with 7 diametral pitch, this number being In 
this case 22. The ratio Is then 3.143, and following from this In 
Fig. 13 to the 40-degree line, one obtains a pitch diameter of about 4.1 
Inches for one gear, and at 50 degrees about 4.9 inches for the other. 
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be carefully checked mathematlcBD^ 



Cos spiral aogle (first gear) = 8.148 X — = 0.766; spiral angle = 40 dcg. 
4.1 

1 
Cos spiral angle (second gear) = 8.148 x — = 0.643; 
4.9 
spiral angle = 00 deg., nearly. 
Now obtain the leads from diagram Fig. 15 In the aame way as 
before, giving the leads of the gears 15.4 and 12.9 Inches, respectWelT- 

Eteam/ple 5. Required a pair of spiral gears, the axes of which are 
at an angle of 120 degrees; center distance 4.125; the ratios between 
number of teeth and diametral pitch should be to each other as 2 to 3, 
and the diametral pitch equals 5. 

We require first of all two nombeTV representing the ratios of num- 
ber of teeth to diametral pitch, these two numbers bearing the ratio to 
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each other of 2 to 3, and giving a whole number of teeth with 5 diam- 
etral pitch. These two numbers, when projected onto two spiral 
angle lines in a diagram made up as in Fig. 18, the sum of the angles of 
which equals 120 or 60 duress, give two diameters whose sum equals 
the center distances multiplied by 2, or 8.26. In this case we cannot 
use both parts of the diagram Fig. 13, as it Is made up for shafts at 
90 degrees angle, and for this reason we must take the two readings 
from the same part of the diagram. The ratios 3 and 4.5 at 30 degrees 
give corresponding diameters of 3.5 and 5.2, the sum being 8.7. The 
ratios 2.8 and 4.2 giving 14 and 21 teeth at 25 and 35 degrees, respect- 
ively, have diameters of 3.1 and 5.15 (equals 8.25). From this we see 
that we must use 14 and 21 teeth and the ratios 2.S and 4.2. The 
diameters and spiral angles can now be obtained graphically and more 
accurately In this manner: 

Draw two radial lines, as shown ^t C in Fig. IS, at 120 degrees angle 
on a separate piece of paper, and lay oil on these to same scale 2.8 and 
4.2. From these points draw lines at right angles to the radial lines. 
It Is now necessary to find the position of a line 8.25 Inches long, 
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termlnfttlng upon these 11 nee, and paeslng tb rough the center. A 
Btrip of paper is used in the BBme manner as before, and upon careful 
measuring of the respective distances from the center to the lines, one 
obtains the distances 3.075 and 5.175 inches, which represent the re- 
spective diameters, the sum being 8.25. The spiral angle is obtained 
by measuring or calculating as follows: 

1 

Cos spiral angle of first gear = S.B x = 0.910; 

8.076 

spiral angle = 34 deg. IS min. 

1 

Cos spiral angle of second gear = 4.3 X = 0.813 ; 

5.17S 
spiral angle = 85 deg. 45 min. 
The above examples will show the careful student the manner of 
working out each kind of gear required, and if the directions are prop- 
erly followed, this method will ba found to bo a great time-saver. It 
may be mentioned that It is advisable to keep the spiral angle as 
nearly equal In the two gears as possible in order to obtain the great- 
est efficiency of transmission. It should be noted that when diagrams 
of this type are to be used for practical calculation of spiral gears, 
they should be laid out In a much, larger scale than is possible to 
show In these pages, and It would be advisable to lay out radial lines 
In Fig. 13 for every degree, and vertical and horizontal lines for every 
tenth of an Inch, and circular arcs for equally fine subdivisions. The 
same la true of the diagrams In Figs. 14 and 15. In Fig. 14, horizontal 
lines should be laid out for every tenth of an Inch, and vertical lines 
should be laid out for all whole numbers of teeth. In Fig. 15, the 
horizontal lines should be laid out for every tenth of an Inch, vertical 
lines for at least every 0.2 of an inch, and radial lines for every de- 
gree. This diagram should also be laid out so that leads over 20 
Inches may be read off, as well as those below this figure. 

In Fig. 17 is given a diagram for determining the cutter to use 
when milling the teeth of spiral gears. The instructions for the use 
of the diagram are given directly on the chart itself, so that no other 
explanation Is necessary. This diagram was contributed to MACHINEaT 
by Elmer G. Bberhardt, and appeared In the September, 1907, Issue. 
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COMPARISON OP BPPICrBNOT OP SPrBAL GBABS. 

Suppose a problem, accompanied by the data shown In Fig. 18, were 
presented as folIowB: "Given two different sets of spiral gears for gas 
engtnes. In each case the cam shaft runs at halt the speed of the 
crank-shaft; to be decided which Is the better arrangement for efd- 
clency and wearing. qualities, taking Into conslderatton the nature of 
the work the drive has to perform, viz., a single cylinder gas engine 
working on the •Otto" cycle." 

The solution of this problem Involves a little work along the line 
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of resolution of forces and the calculation of efflclency; It Is entirely 
elementary, but Interesting nevertheless, as a practical Illustration of 
the working of well-known principles In mechanics. For the sake, 
then, of their value as Illustrations of the principles involved, these 
calculations are here given In detail. 

The problem requires us to And which of the two arrangements, that 
In Case 1 or Case 2, Is superior In efflclency and wearing qualities. 
It may be rougbly stated that, other things being equal, the more 
efficient of two mechanisms is the more durable. We will consider 
this to be true in this case, so will examine the two arrangements for 
efficiency in the trauGmlGsion of power. The power losses In the vari- 
ous journals we cannot estimate, because we do not know enough about 
the arrangement and design of the bearing surfaces. "We can easily 
make an estimate for tbe power lost in the thrust bearings, and we 
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may also get a comparative Idea, at least, of tbe power lost In the 
rubbing of tbe teeth on each other, bo to these lOBses, vhlcb are the 
principal ones, we will confine ourselreB. 

Wben two bodies are sliding under pressure, the power lost is equal 
to the contiaued product of the normal pressure between the surfaces, 
the linear velocity of the rubbing, and the coefficient of friction. To 
estimate the power lost at the various bearing points we are to con- 
elder, we Iiave then to estimate these three factors for each cose. 

We will first estimate the relative bearing pressures at the different 
places where friction Is met with in Case 1. To be logical, we will 
commence our calculations at the driven end of the train of gears, since 
tbe forces In the mechanism are due to the resistance offered by tbe 
driven members. Fig. 19 Is another view of Case 1 as shown in Fig. 18. 
Gears A. and B make contact on line 7 Z, wbicb represents the direc- 
tion of the teeth at the point of contact; W X represents the position 
of the teeth of gears C and D in contact 

As gear C revolves in the direction shown, its teeth, set at the angle 
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of the line W X, have a wedging action on those of gear D wh[cb 
revolves them In tbe direction shown. The action and tbe forces In- 
volved can beet be understood by referring to Fig,. 20. Here C'la a 
slide moving upward. Its beveled edge, representing the tooth sur- 
face of gear C, forces to the left on the beveled edge on slide D. which 
represents the tooth surface of gear D. It slide D offers a resistance 
to this movement, of a magnitude represented by the length of line 
Fs In tbe parallelogram of forces shown, slide C will evidently have 
to esert a force equal to F, to overcome this resistance. The resulting 
normal preaaure on the Inclined bearing surface of contact will evi- 
dently be F,. The end thrust or pressure against Its abutment of slide 
D will be F,. while that of slide against Its abutment will be f,. 

Understanding the method of applying the parallelogram of forces 
In Fig. 20, we may transfer the construction to gears C and D In Fig. 
19. Having P, given, we can find F, and P, as there shown. F, ta tbe 
tangential pressure at the pitch line, required to be given by gear C 
to move tlie mechanlam against the resistance Fj offered by gear D. 
Since gears B and C have the same diameter, F, must likewise be the 
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tangential pressure applied at the pitch line to gear B. Constructing 
a Bocond parallelogram ot forces lor gears A and B, as shown, we find 
that F, Is the normal pressure between the faces ol the teeth In con- 
tact, and F, la the tangential force which has to be brought to bear 
at the pttcb line ot gear A to more the mechanism. Consider that F, 
equals unity (since we require comparative results only) and meas- 
ure the other forces to this scale. fThls can be done fully as well by 
calculation as by measurement. An elementary knowledge of trig- 
onometry win give U8 the following results: 



F, = f , -^ sin «c = I + 0.8M = 1.118 
F, = FtX tan<M = 1 X 0.500 = 0.600 
F, = F, -h sin «. = 0.600 -i- 0.707 = 0.707 
F, = F, X tan »!, = 0.500 X 1.000 = 0.500. 

We have next to find the rubbing velocities of the various bearing 
]>olnts. Fig. 21 will assist ua In this. Here we have the same slides 
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1 In Mb. II 

C and D, representing gears C and D in Fig. 19 or Fig. 22. If we con- 
sider that slide C la moved upward at a uniform velocity. In a unit of 
time It will traverse a distance equal to 7^ moving from position o A 
to g' h'. This evidently forces slide D to Ihe left at a uniform velocity, 
moving it In a unit of time from e f to e' T, a distance measured by di- 
mension Ts. The beveled surface ot slide D has meanwhile slipped on 
that of elide C so that corners f and h, which were In contact, have 
reached positions f and h', a distance measured by dixnenslon V^ It 
Is evident then that V„ 7,, and V, may be taken as measures ot rela- 
tive velocities of the parta In question. 

Since the mechanism shown in Fig. 21 represents. In principle, conr 
dltlons existing between gear C and D in Fig. 22, we may transfer th« 
velocity dlsfiram of Fig. 21 to Fig, 22, where 7. rerpesents the pitch 
velocity of gear D, Y, the rate of rubbing at the pitch line between 
gears C and D, and V, the circumferential velocity at the pitch Una 
of gear C. The circumferential velocity at the pitch line of gear B is 
«vidently the same as that of gear C, since they are of the same dlam* 
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eter and move together. V, being thus known, a similar velocity 
diagram may be drawn for gears A and B, in wblch T, equals tbe 
velocity at the pltcb line of gear A, and F, equals tbe velocity of slid- 
ing between the teeth of gears A and B. 

We may, II we wish, measure these lines to the scale T^^l to ob- 
tain the relative velocities desired, or, better, we may derive formulas 
from these velocities, thus making unnecessary the drawing ot dia- 
grams for BUbeequent examples of this kind. By a simple use of trig- 
onometrical functions, after carefully examining the diagrams, It is 
plain that the following relations hold true: 

Vi = 1 

r, = F, + Bin a. = 1 + 0.707 = 1.414 

T^i = F, X tan Bi, = 1 X 1.000 = 1.000 

F. = F, -^ sin o^ = 1 -h 0.8»t = 1.118 

r, = F, X tan <w = 1 X SOO = 0.600 

The power lost in any bearing Is equal to the continued product 
of the total pressure on that bearing, the velocity of sliding, and the 



coefficient of friction. We will first find the power lost In end thrust. 
Since our calculation is being made for comparison only, and not for 
IMsltive results, we will consider the coefficient of friction as being 
equal to 1. We will make the assumption that the mean diameter of 
the end thrust bearings of the various shafts is equal to half the pitch 
diameter of the gears. The mean velocity ot rubbing will then be 
hall the velocity of the gears at the pitch line. For the loss of power 
in the thrust bearing of shaft A we have: 
V, 

F,X X 1 = 0.500 X 0.500 X 1 = 0.250. 

2 
The end thrust on the intermediate shaft is that due to the differ- 
ence between the opposing forces F, and F, in Fig. 19. For lost work 
In the end thrust of the intermediate shaft we then have: 
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V, 
(F, - F.) X — X 1 = (1 - 0.600) X 0.500 x 1 = 0.250. 
2 
Ttae loEB In the thrnst bearing of shaft D equals 
V, 
F, X — Xl = 0«OOX 0.250 X 1 = 0.185. 
2 
AddiDg tbese three Iosbcb togetheT we get a total value of 0.625 as the 
power loBs In end thrust. 

For the power loss In tooth friction, we had better uee a somewhat 
higher coefilclent: perhaps 1.5 would he about right The velocity of 
sliding between gears A and B Is T„ the normal pressure of the sur- 
faces of contact Is F,. We have then for the lost power at this point: 

F, X r, X 1.5 = 0.707 X 1.4H X 1.5 = 1.500. 
Similarly, the work lost between gears C and D equals 

F. X V. X 1.5 = 1.118 X l.ue X 1.5 = 1.875. 
The total loss due to tooth friction IB then equal to the Bum of 
these two or 3.375. which, added to the Ictoe In the thrust bearings, 
gives US 3.375 + 0.€25^4.0, the total loss with this lorm of gearing. 

It will not be necessary to draw new diagrams, like those In Figs. 
19 and 22, for the second case, aince we may use the formulas already 
derived for obtaining the various forces and velocities, making, how- 
ever, the following substitutions. This change Is In accordance with 
the data In Case 2. 

Change a, to a. = 68° 26' Change a, to a, = 45° 

" Bi. to et = 26° 84' " od to m = 45° 

Solving tbese formulas for velocities, we obtain the following quan- 
tities: 

V, = 1 

V, = r, -h sin «. = 1 -f- 0.894 = 1.118 
V, = V, X tan at = 1 X 0,500 = 0.500 
F. = V, + sin «, = 0.500 -t- 0.707 = 0.707 
V, = V, X tan «h = 0.500 X 1.000 = 0.500 
and tor pressures we have the following: 
f. = 1 

F, = F, -^ sin a, ^ 1 + 0.707 = 1 414 
F. = F. X tan Bh - 1 X 1.000 - 1.000 
F, = F. + sin o, = 1.000 + 0.994 = 1.118 
F, = F. X tan at = 1.000 X 0.500 = 500 
The work lost with the thrust bearing on shaft E equals 

^1 
F, X — X 1 = 1 X O.a X 1 = 0.5. 

2 
Tiiat lost In the Intermediate shaft equals 
V, 
(F, - F.) X — X 1 ^ (I - 0,,')) X 0.35 X 1 = 0.13^. 
2 
The loss in power due to end ihrust In shaft H equals 
Vt 
F.X — X 1 = 1 X 0.25 X I = 0.2.') 



d.yGoot^lc 



SETTING THE TABLE WHEN MILLING 37 

Tbese three losses added together equal 0.875. 

The lose o( power due to tooth friction between E and F, assuming 
a coefflclent of friction of 1.5 as before, equals 

F. X V, X 1.5 = 1.116 X 1.118 X 1.6 = 1.875. 

Friction loss between Q and H equals 

f . X F, X 1.5 = 1.414 X 0.707 X 1.5 = 1.5. 

The tooth friction loss In the tooth surfaces then equals 1.S76 + 1-500 
= 3.375. For Case 2 the total lost work due to tooth friction and end 
thrust friction equals 3.375 + 0.876 = 4.250. The dlOerence between 
this quantity and the 4.000 obtained for Case 1 Is scarcelj' large enough 
to be of any practical Importance. There Is hut one consideration, 
In fact, we can think of for preferring one conBtructlon to the- other. 
The 45-deEree gears have teeth of slightly gniHller size tban those of 
(he other pair In each case, and they are therefore somewhat weaker. 
In Case 1, these teeth are aublected to a normal pressure F, of 0.707. 
In Case 2 they are anbjected to a normal pressure F, of 1.414, twice as 
great. In Case 1, then, the strongest teeth are bearing the greatest 
strain, whtcb is as It should be. 



CHAPTER V. 



SBTTINa THU TABLE WHEN MILIiINa' 
SPIRAL QBABS. 

In cutting a spiral gear tu a milling machine as ordinarllr arranged. 
It Is neceasary to set the table to the helix angle In order that the 
etdea of the cutter may not Interfere, or drag In the cut. But the 
helix angle varies with the depth, being greatest at the top of the 
tooth, less at the pitch line, and still lees at the bottom of the cut. 
In fact. If the cut were deep enough to reach all the way ts the 
center of the piece being operated on. the helix angle would become 
zero, or parallel to the center line. If the general run of mechanics 
were ashed what would be the proper angle at which to set the table, 
they would say that the helix angle at the pitch tine would be the one 
to determine the setting. This setting has the effect of making the 
width of the cut exactly right at the pitch line, but It does bo at the 
expense of undercutting and weakening the teeth. For quite some 
time the writer has thought that the helix angle at or near the bot- 
tom of the cut should be the one to set the table to In order to get a 
strong tooth, and to convince other mecbanlcB of the correctness of 
this view the following experiments were made: 

The piece G, Fig. 23, Is a cast Iron taper stem with a Oange cast on, 
and fits in the dividing head of the milling machine. 1b a brass 
chuck that was made for another Job, and ia fastened to O witb tout 



Goo»^lc 



88 



SPIRAL GEARING 



screws, f Is a piece ot IH-lnch round braaa, with the ends faced 
true.' while Z> Is a piece at scrap brass with two faces machined at an 
angle of 30 degreee, one of these faces being tapped tor the screw V, 
and also containing the two dowel pins 2!. H, K, and h are sweated 
together with soft solder. 

The six pieces of sheet brass, A, B. C, D, E, and F, Fig. 24, were 
drilled so they would fit onto the dowel pins on the 30-degree fac6 of 
the Improvised chuck, F being Bbows In place In the line cut, Pig. 23. 
These six pieces were placed In succession on this chuck and the 
curved edges of all turned to a diameter of 1.23 Inch. The object was 
to make a spiral cut In each ot these six pieces, varying the setting 
of the table angle, and also the shape of the cutter, and U> compare 
the shape of the cut with that of the cutter that made It 

Tlic lead need was 5.33 Inches to one turn, and the depth ot cut % 




inch, both these elements being alike In all six cases. The plec^ of 
■beet brass wore Intended to stand at right angles with the cut, but, 
of course, this was Impossible, as the belli angle varied with the depth, 
so they were set to stand at right angles with the helix at half depth. 
Assuming this helix angle to be 30 degrees, we can find the diameter 
ot the Imaginary cylinder whose surface Is at hall the depth of the 
cut by multiplying the lead, 5.33 Inches, by the tangent of 30 degrees, 
.and dividing by 3.1416, which gives 0.9S Inch. Adding 0.25 Inch to 
this, we get 1.23 Inch for the outside diameter, and alao, by subtracting 
0.25 from 0.98. we get 0.T3 Inch for the diameter at the bottom of tbe 
cut. Knowing the outside diameter to be 1.23 Inch, we multiply this 
by 3.141S and divide by 6.33 to get the tangent of the helix angle at 
the top, which we find to be 36 degrees 56 minutes. In a similar 
manner we multlp!y tbe bottom diameter, 0.T3, by 3.141G and divide 
by 6.33 to get the tangent of the helix angle at bottom of cut, which 
we And to be 23 degrees 17 minutes. 
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The cutter ueed in this Job waa a fly-cutter, the holder belag showa 
in the half-tone lllustraUon Fig. 25, while Ita blades, R and B, are 
shown tn the Hoe Illustration Fig. 24. R was used to cat A. B, and C, 
while jS was used to cut D, E. and F. The table iettlng waa nearly S6 
degrees for A and D, 30 degrees for B and E, and about 23^ degrees 
for C and F. 

The shapes of the cuts show that the width of the cutter Is accu- 
rately reproduced only at the particular depth where the helix angle 
1b tbe same as the table setting, ttaie point being shown by the arrow 
heads at the sides of the various cuts. The sbapes of the cuts also 
Bhow that the departure from the true form o( the cutter due to faulty 
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table petting la less In the caee of the more flaring cutter 8 than in 
the case of cutter R, whose sides come nearer to being parallel. 

ThlB demonetratea that the table setting for a spiral gear should be 
the same as the hells angle at or near the bottom of the cut, because 
at this point the sides of tbe cutter come closer to parallelism, while 
at the top of the cut they are more flaring, and the table setting not 
being correct for the held angle at this point would produce a com- 
paratively slight error. This aleo suggests a slight modification In 
selecting a cutter to do tbe job. as the tops ot the teeth would be 
rounded oH somewhat more (ban in tbe case ot a spur gear cut with 
the same cutter. Therefore, tbe writer suggests that it would be well 



SPIRAL GEARING 
i cutter for a greater number of teetb tban the spiral gear 



T = calls for. 

Setting tbe table tor a lees angle than tbat of the pitch line helix 
also has tbe effect of slightly Increaelsg tbe width of tbe cut at tbe 
pitch Hoe, but not to tbe extent that a comparleon of C and R would 
seem to Indicate, as In tbe esperlmeDts here described tbe depth of 
the cut was purposely made a very large percentage of tbe diameter 
In order to accentuate tbe errors due to faulty setting of tbe table, 
and If tbe table la to be set correct for tbe bottom of the cut. It might 
be well to consider tbe normal circular pitch as elightiy greater than 
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tbat rightfully belonging to tbe cutter In use. and alze tbe blank ac- 
cordingly. These experlmenta were entirely of a qualitative nature, 
and were only Intended to guide the Judgment of the designer and 
tbe man who puta tbe design In material form In cold metal. 

Tboae not thoroughly familiar with universal milling machine use 
should carefully distinguish between the table angle and tbe helix 
angle produced by tbe gearing of the dividing bead. Tbe dividing 
head Is geared to produce tbe required helix angle, measured on tbe 
pitcii line the same aa usual, of course. What Is advocated, in order 
to reduce interference, is simply setting tbe table to aome belix angle 
between the pitch line and tbe dedendum or root circle rather tban to 
tbe helix angle indicated by tbe pitch line. A point worth attention, 
also, is tbat the interference ol a cutter Increases with increase of 
diameter. Small cutters, therefore, tend to reproduce their outlines 
more accurately tban large cutters, other things being equal. 
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Na 10. Examples of Machine Shop Pbacttcb. — Three chapters on Cat- 
ting Bevel Oeare with a Rotary Cutter, Spindle Construction, and the Making 
of a Worm-Gear. The descriptions at the operations are profusely illustrated, 
demonfftratlng the value of the camera for telling the story of machine shop 
work, and for graphic Instructions In the methods of machine shop practice. 

No. 11. Be AKiNGs.— Design of Bearings, Hot Bearings, Oil Grooves and 
Fitting of Bearings, Lubrication and Lubricants, and Ball Bearings. 

Ni>. 12. Mathematical Pbincipij;s of Machine Db^sign. — The matter pre- 
sented is almost entirely the work of Mr. C. F. Blake, a name very tamlllar'to 
the readers of Machinebt. Draftsmen and designers will Und the chapters OQ 
the Efficiency of Mechanisms and Notes on Design full of valuable suggestlooa. 

No. 13. BiAHKiNO Dies, — Contains chapters dealing with Blanking Dies In 
general, the Design of Dies for Cutting Stock Economically, Split Dies, and . 
General Notes oU Die Making. 

No. 14. Detah-b or Maciuke Tool Design. — Contains chapters on the deter- 
mination of the Diameters of Cone Pulleys, the Relation between Cone Pulleys 
and Belts, the Strength of Countershatts, and Tumbler Gear Design. 

No. 15. Spub Ggabino. — Contains chapters on the First Principles of the 
Action of Gears, the Arithmetic of Spur Gearing, Formulas for the Strength of 
Gear Teeth, and the Variation of the Strength of Gear Teeth with the Velocity. 

No. 16. Machine Tool Dbives.— Contains chapters on the Speeds and 
Feeds of Machine Tools; Machine Tool Drives; Single Pulley Drtves; and 
Drives for High Speed Cstting Tools. 

No. 17. Stbenotu of Cylikdcbs. — Deals with the subject of strength of 
cylinders against Internal hydraulic or steam pressure. Formulas, tables and 
diagrams are given to facilitate the design of such cylinders. 

No. IS. Abithmetic fob tub Machinist. — Among the various subjects 
treated are the following: The Figuring of Change Gears; Indexing Movements 
for the Milling Machine; Diameters of Forming Tools; and the Turning of 
Tapers. Simple directions are given for the use of tables of sines and tangents. 

No. 19. Use of Fobmulas is Mbchamics.— This pamphlet Is adapted for the 
man who lacks a fundamental knowledge of mathematics. It opens with a 
chapter on meclianical reading In general, and proceeds to explain thoroughly 
the use of formulas and their application to general mechanical subjects. 

No, 20. Spibal Geabing. — A simple, but complete, treatment of the subject, 
from a practical point of view, giving directions for calculating and cutting 
helical, or, as they are commonly called, spiral gears. 

Lack of space prevents a description of the following very useful and In- 
terratlng pamphlets: — 

No. 21. Meabubino Tools.^No. 22. Calculations or Elements op Ma- 
chine Debign. — No. 23. The Thf*by of Cbane Design. — No. 24. Examples of 
Calcuiatino Desioss. 

other pauphi-bts in thb series will bb announced in machinery 
from timb to time. 

The Industrial PresB, Poblishere of MAOHiMiiBT, 
40-G5 La&rette Street, New 7ork Olty, IT. S. A. 
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